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CHAPTER IX

TYPICAL SCHEMES FOR LIQUID-PROPELLANT ROCKET ENGINES [LPRE]

§9.1. Features of LPRE schemes

Liquid-propellant rocket engines with a displacement system of
feeding propellant to the chamber can be subdivided, based on the
method of producing the displacing gas, into engines with compressed-
gas accumulators, with liquld gasifiers, and with solid-fuel gasi-
fiers (see Chapter VIII). The simplest scheme of one such LPRE was

“F’""'—""'—"'“"‘l“

examined in 81.2; they will be

LPRE's with a pump system
- cording to the aggregate state

described in detail in Chapter XIII.

of propellant feed are classifled ac-
of the propellant components entering

the chamber and by the features of removal of the working medium
after it has operated In the turbine; often the working medium is
generator gas, i.e., it is generated in a gasifier,

As will be shown below, it is desirable to design an engine such
that it operates without th~ use of additional propellant components.
Therefore, in what follows Wwe will examine only those schemes for
LPRE's whose turbines operates on gas obtained from one or two basic
propellant components. Usually, the chamber is cooled by the fuel;
this is taken into consideration in all the schemes examined in this

chagter.

FTD-HT-23-1442-72
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LPRE's with exhausting of spent generator gas to the ambient
medium (Fig. 9.1). The oxidizer and fuel enter the combustion
chambers of such engines 1in the liquid state, 1.e., the engine oper-
ates on the scheme "liquid-liquid," while the spent generator gas 1is
exhausted through the nozzle of the exhaust pipe of the turbine to
the ambient medium. Exhausting of this gas reduces the specific
thrust of the engine. Although the nozzle of the turbine exhaust
pipe, as already noted above, develops a certaln thrust, its specific
thrust, because of the low temperature of the generator gas and its
low expansion ratio, is comparatively low. In the examined LPRE
7 scheme, the generator gas is products of the incomplete combustlon
of a two-component propellant contalining a large excess of oxldizer
4 (aOK >> 1) or fuel (aoK << 1). A liquid gasifier operating with
a >> 1 is called an oxtdizing gasifier, while one operating with

OH
%oy << 1 is called a reducing gasifier.

An LPRE with feed of the spent generator gas to the combustion

(afterburner) chamber. In such LPRE's the gas passing through the

turbine 1s directed along the ga:. gulde to the chamber as one of

the basiec propellant components; engines can operate on the "gas~
liquid" and "gas-gas" schemes., Their common feature is high gas pres-
sure at the turbine exit: 1t exceeds pressure Py by the value of the
hydraulic losses in the gas guide and the pressure differential in

the gas Injectors of the chamber.

In addition to the generator gas generated in a one- or two-com-
ponent liquid gasifier, the working fluld of the turbine may be the
gas that forms as a result of heating of one of the basic propellant
components (e.g., hydrogen) in the chamber's cooling locp.

An LPRE with a one-component liquid gaeifier can be created if
one of the basic propellant compon:nts can decompose with the re-

lease of heat.

b Let us examine the scheme of an LPRE in which the working fluid
of the turbine is the products of decomposition of the oxidizer (e.g.,
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Pig. 9.1. [LPRE with ex-
hausting of spent generator
gas to ambient medium,

Pig. 9.2. LPRE operating
on the scheme "gas~-liquid®
with oxidizing single-

component liquid gasifler.

Pig. 9.3. LPRE cperating
on the scheme “gas~-liquid®
with oxidizing two-com-
ponent liquid gasifier,

Fig. 9.4. LPRE opsrating

on the scheme “gas-1iquid"

with Zeducing two-compo-
pent liquid gasifier.

71g. 9.5. LPRE operating
on the scheme "gas-liquiq”
with gasification of
working fluid of turbine
in chamber cooling loop

Mg, 9.6. LPRE operating on the schems "gas-
gas": 1 — sfterburaer sesction: 2, & ~ gas
guidea; 3 — turbine of oxidiszar TPA; 4 - oxi-
diser pump; 3 - oxidising liquid gasifier;

7 - turdine of fuel TPA; 8 - reducisg liquid
gasifies; 9 ~ fuel pump.

FTD-HT-23-1442-72
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rig. 9.7.
troduction of working
fluid, after operation
in the turbine, into the
expanding part of the
nossle.

LPRE with in-
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hydrogen peroxide H202) (Fig. 9.2). The total oxidizer flow is fed
to the gasifier of such an engine. The gaseous decomposition pro-
ducts that form enter the turbine and then, along the gas guide, to
the combustion chamber. The fuel flows through the cooling loop of
the chamber, cooling it, and then, in the liquld state, enters the
combustion chamber. The gasifier of such an engine 1s an ozxidising
gasifier.

It 1s possible to use LPRE's with a one~-component reducing liquid
gasifier; here the 1liquid oxidizer and the combustion products of the
fuel (e.g., ammonia NH3 or hydrazine Na“u) are fed to the combustion
chamber,

In an LPRE with an oxidising two-component liquid gaeifier (Fig.
9.3), the total flow of oxidizer from the pump and a relatively small
part of the fuel are fed to the gasifi.r; the main portion of the
fuel flows along the cooling loop and enter: the chamber in 1liquid
form; unlike the above-examined schemes, this is an afterburner
chamber. Therefore, such LPRE's are called engines with afterburning
of the generator gas.

These also include LPRE's with a reducing two-component liquid
gasifier (Fig. 9.4); the chamber of such an engine is fed the spent
reducing generator gas and the liquid oxidizer, while to the 1liquid
gasifier is fed the total flow of fuel (after passing through the
cooling loop of the chamber) and a relatively small amount of oxi-
dizer.

Since the pressure in the liquid gasifiers of these examined
engines is greater than pressure P> the pressure of that part of
the propellant component directed to the liquid gasifier should be

greater than that of the basic portion cf component fed directly to
the chamber., For this purpose, behind the main pump (the first-
stage pump) an auxiliary ("booster") pump, also called the second-
stage pump, 1s installed (see Figs. 9.3 and 9.4).

W
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Let us compare LPRE's with oxidizing and reducing liquid gasi-
fiers. Usually, for two-component LPRE's the coefficient un is greater
than one, i.e., the flow of oxidizer is greater than that of the fuel. ;
The avallable turbine power, as will be shown in 13.13, depends on ’
the gas flow through the turbine and on the product RT of the indi- i
cated gas. Therefore, from the standpoint of gas flow to drive the
turbine, LPFRE's with oxidizing liquid gasifiers have an advantage
over those with reducing liquid gagifiers. However, the oxidizing

gas, having a high temperature, has a strong oxidizing influence on |
the structural materials; therefore, 1ts temperature must be lowered.
On the whole, however, 1t is more advantageous to use an oxidizing
ligquid gasifier in an LPRE.

The product RT of the reducing liquid gasifier gas of hydrogen
LPRE's has a high value because of the high gas constant of hydrogen;
therefore, in these it is more advisable to uce a reducing liquid
gasifier.

LPRE's with gasification of the working fluid of the turbine in
the chamber cooling loop can be created if liquid hydrogen is used
as the fuel. Here 1t 1s not necessary to have a liquid gasifier,
which simplifies the engine scheme.

One possible scheme for such an engine is shown in Fig. 9.5.

_ Liquid hydrogen passes through two pumps in succession, after which
it enters the chamber cJoling lcop. The gaseous hydrogen formed is
directed to the turbine aud then, along the gas guide, to the com-
bustion chamber. The cx‘adizer (e.g., LOX) is fed to the chamber by
the pump; this pump car pe on a separate shaft and driven using a
gear from the shaft contalning the two hydrogen pumps and the turbine.

An outstanding feature of such LPRE's is the low temperature of
the gas at the turbine inlet, approximately 200-275°K. In engines
with liquid gasiflers this temperature 1s substantially higher
(=800~1075°K).
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A disadvantage of LIFRE's with gasification of the working fluid 3
of the turbine in the chamber ccoling loop is the relatively low
pressure p, (40-50 bars [z40-50 kgf/cmzl).

Lt L s b
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propellant components are used completely to drive the turbopump
assemblies [TPA's], while in LPRE's operating on the "gas-liquig" ;
scheme, one of tne components 1s eilther not used at all or only a :
small part of it 1s used for this purpose.

LPRE's operating on the scheme "gas-gas" have two TPA's and
two liquid gasifiers each. The combustion products of reducing
liquid gasifier 8 serve as the working filuid of turbine 7 of the
fuel TPA; from the turbine it is fed al!ong gas guide 6 to after-
? burner chamber 1. Similarly, the combustion products of the oxi-
dizing liquid gasifier enter turbine 3 of the oxidizer TPA and then, :
along gas gulde 2, also to the afterburner chamber.

‘ In LPRE's operating on the "gas-gas" scheme (Fig. 9.6), both
!

Pump 9 feeds the main portion of the fuel to the reducling liquid
gasifier, and the rest to the oxidizing gasifier. From pump 4 the
main part of the oxidizer enters the oxidizing liquid gasifier, while
the rest goes to the reducing gasifier.

As can be seen, LPRE's operating on the scheme "gas-gas" are '

engines with afterburning of the generator gases in the chamber. ’

" Such LPRE's can have higher precsure of the combustion products in
the afterburner chamber as compared with LPRE's operating on the

scheme "gas-liquid," or identical high pressure in the afterburner

chamber with lower required pressures of the propellant components

at the exit from the pumps. ) ?
An LPRE with input of working fluid, after operation in the 3
turbine, to the expanding part of the nozzle (Fig. 9.7). If the ?

engines operates on the scheme "liquid-liquid," but the working 3 i
fluid, after operation in the turbine, is not sent to the amblent
medium but to the expanding part of the nozzle, the specific impulse




of the engine lncreases; however, it is less than that of LPRE's
operating on the scheme "gas-liquid" or "gas-gas." An example of

an engine with introduction of the working fluid, after operation in
the turbine, into the expanding part of the nozzle 1s the F-1 engine
of the first stage of the American Saturn-5 booster.

A power plant with an LPRE includes systems, units, and assem-
blies to assure the following:

a) disposition and storage of the liquid propellant components
(tanks);

b) propellant feed to the chamber;
c) engine start-up;

d) propellant ignition (for englines with nonhypergollc pro-
pellant);

e) chamber cooling;
f) change of engine operating mode:

g) creation of forces and moments for rocket vehicle flight
control;

h) engine shutdown.

Certain systems are in many ways similar for various heat

~ rocket engines, while certalin are similar for all types of rocket

engines. For example, to create forces for controlling the flight
of a rocket vehicle any type of engine, including electric, can be

tilted a certaln angle, which causes a corresponding deflection of
the reaction jet.

The systems for feeding the liquid propellant components to
power plants with LPRE's (see Chapter XIII), other heat rocket en-
gines, and, in particular, electric engines, are also analogous.

All types of rocket engines with relatively high temperature of
the combustion and decomposition products and heating or plasma tem-
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peratures have a cooling system, 1.e., a system for removing the
heat fiows that enter the chamber walls.

The operating mode of most rocket engines is changed by changing
the flow of working fluid (for chemical rocket engines — by changing
the flow of the propellant components).

§9.2 Selecting optimum pressure P,

In §2.4 1t was shown that to obtain a high velocity character- -
T istic for a rocket vehicle there must be high values of specific

impulse of the power plant and high ratio of the initial to final
mass of the vehicle.

The degree of perfection of a power plant can be estimated by
the ratio Iz/mny. Optimum pressure p 1s that for which this ratio
b has maximum value for given Iz.

“he optimum pressure P, depends mainly on the system for feeding
) the propellant components to the chamber.

For each type of displacement feed (using a high-pressure gas
container, a liquid gasifier, or a solid-fuel gasifier), with an in-
crease in pressure Py to a certain value the ratio Iz/m‘ny increases,

. while with a further increase in P, it decreases.

Let us clarify this. We will start with the conditions m'u‘y =
= const and p, = const. For a rocket-engine chamber an increase in
specific impulse with rising pressure P, is characteristic, but as
the pressure increases the rise in specific impulse 13 noticeably

slowed down (see §5.4).

Simultaneously with an increase in pressure Py there must be
a rise in pressure in the tanks which requires, in turn, an increase
in thickness of the walls and, consequently, their mass. In addition,
the mass of the chamber nozzle increases in connection with an increase

A ot I R P b

R




"

in the values of €, and Tc. Therefore, with a rise in pressure Py
to assure the condition m‘uy = const the mass of propellant in the
tanks of the power plant must be decreased.

The increase 1in the ratio Iz/m‘ﬂ.y with a rise in pressure Py, is
explained by the fact that in this interval of pressure P, the
specific impulse increases greatly, and the value of IZ increases
despite the decreased mass of propellant.

With an 1increase in pressure Py gbove optimum, ratio Iz/m'l1y
begins to decrease, which indicates a greater influence of the de-
creased propellant mass due to an increase in the mass of the tanks
and displacement system compared with the influence of an increase
in specific impulse due to a rise in pressure Py

The lower the mass of the tanks and the displacement system for
feeding a given quantity of propellant components from the tanks to
the engine chamber, the better the power plant.

With improvement of the feed system, the ratio Iz/mny and the
optimum pressure P, increase. For example, a dlsplacement feed sys-
tem using a liquid gasifier 1s more efflcient than a system with a
high-pressure gas container (Fig. 9.8).

" .
My L 3 Ordinarily, pressure p, for an LPRE
~“\\ with a displacement propellant-component
feed system is within the limits of 15-30
Prlpemcosty bars [=15-30 kgf/cm®]., The LPRE's of
Pix. 9.8, Dependence of the Fatis space vehicles, in a number of cases, use

1./ pressure p, for LPRE's ~ 2
.iz:“ia::m.:.n». feed with @ high- lower pressures (7-8 bars [~7-8 kgf/em®l),

ff:ﬁ?:’;-ﬁ?;ﬁ?"{%":ﬁ;’l mds,  making 1t possible to refrain from using

® O .

Ps ® come external circulation cooling and to achleve
the possibility of a considerable change in thrust, in addition to

high engine rellabllity.

For a power plant with a pump system for feeding propellant
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components to the chamber there 1s also an optimum pressure P,
wnich depends on a number of factors, including the power-plant
scheme.

In a power plant including an LPRE with exhausting of the
working fluid, after operation in the turbine, into the ambient
medium, a rise in pressure Py increases the required pressure of
the propellant components at the pump exit, which makes 1t necessary
to increase turbine power (in §13.13 it will be shown that the tur-
bine power can be increased basically by increasing the flow of gas -
through it; however, in this case, the engine specific impulse is
reduced — see §9.1).

Within a certain range of pressure Pys the specific impulse of
the engine increases as pressure increases: the rise in specifiec
impulse of the chamber due to a rise in pressure P, exceeds the de~
crease in specific impulse of the engine due to the increased gas

flow through the turbine.
decreases (Fig. 9.9). In this case the drop

7
%
. in englne specific impulse due to increased
Prsar (Peoomst) 888 flow through the turbine exceeds the in-
Pig. 9.9. Lepenrdence of epecific

crease in specific impulse due to the rise
izpulse of the chamber (i) and

esgine (2) with exhausting of the in pressure p. . .
working fluid, after operatior in K
the turbine, irto Lthe atmosphere

on the pressure p, (p. = const).

p—r A certain pressure p, assures maximum
h specific impulse for the engine, while with
a further rise in Py the specific impulse

hamax j/)

The optimum pressure Py for an LPRE .
with a pump feed system should also be seleszted from the condition
of maximum ratio Iz/mny, not from the condition of maximum engine
specific impulse.

In a power plant with an LPRE operating on the scheme "gas-

liquid" or "gas-gas," the specific impulse of the chamber arfd en-
gine is identical. For such engines, with a rise in pressure p,

10
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the mass of the chamber increases simulta-
v .—~. neously with an increase in specific impulse.
Therefore, there is also an optimum pres-
sure p, corresponding to the maximum ratio

~

Iz/mﬂy'
Pr(Pemconst)
Fig. 9.10. Pressure p, vs. the The more improved the system for feeding
ratio 1 I“AI for an LPRE with ex-
hausting of tne generator gas propellant components to the chamber and the
e Svroateanitiary proc " LPRE sch N ter th tio I./
g:iunt conporsunu (1), basic pro- scheme, vaé greater € ratio r mny’

pellant §2€£°2§2§;bﬁf.,’,{ sl ftre  increasing with a rise in pressure p, (see

generator g (3). Fig. 9.10). The best power plants are those
with I.LPRE's operating on the scheme "gas-liguid" or "gas-gas." It
is particularly suitable to use such engines with high pressures P,
for high-thrust power plants.

In §5.4 it was shown that chamber dimensions decrease and its
construction 1s simplified with an increase in P,

The use of high pressure P, involves certain engine~design
difficulties. These include: the need for more efficient cooling,
difficulties in assuring tightness of the joints, and also diffi-
culties in assuring engine unit strength and efficiency. However,
these difficulties have been successfully overcome. Disadvantages
in using high pressure P, also include an increase in cost of the
engines and a certain reduction in their reliabiility.

Pressure P, for most modern LPRE's with pump feed systems is
50-100 bars [ 50 100 kgf/cm J; for certain LPRE's it reaches 200 bars
[~200 kgf/cm J. The expediency of using higher pressures p,  has been
studied: 280-350 bars [=280-350 kgf/cm ] and higher.

11
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CHAPTER X

LIQUID CHEMICAL PROPELLANTS

In §1.2 it was shown that "chemical propellant" is the name used
for substances which, when they enter into chemical reaction, re-
lease heat and form basically gaseous products. The most typical
chemical propellants conslist of an oxidizer and a fuel. The oxi- -
dizer is a substance consisting mainly of oxidizing elements, while
the fuel consists of fuel elements. During the chemical reaction
there is electron exchange in the outer ele<tron shell of the atoms:

| eateat provetions the atoms of the fuel elements give
‘=::”’,,'»-\_‘\::==‘ their electrons to the atoms of the
—_— ‘ = 1 oxidizer elements.
iitlee g, | ,,,’-‘ﬁs:&;.,]
A chemical propellant compo-
p— oyt -.m..] ‘Winia| nent (Fig. 10.1) is a liquid sub-
stance stored in a separate tank .
] and fed along a separate line to
Without "ﬁ
saitive seditives the engine chamber. The chemical .
Pig. 10.1. Classification of chemical pro- propellant component (CPC) can also

pellant components.
be a solid substance located di-

rectly in the chamber. The CPC can also be a combination of indi-
vidual liquld or solid substances, or a mixture of individual 1liquid
and solid substances.

12
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In certain cases the propellant conponent includes special
additives (from tenths of a percent to several percent) in order to
improve some one of 1ts properties.

Liquid propellant components contalning solid metal particles !
are called metal-contalning, or metalllzed, components; there are
two types of such components — suspensions and colloldal solutions.
A suspension 1s a liquid
component containing uni-
formly distributed fine
solid metal particles. A
colloidal solution differs !

Cranitdl propeliants

e

[rosgereoia} /\ [Seriaciieuie ]
(s | ome ¢ ] | teo-soupenens | Osa-11qutt
////////\\\ from a suspension in the
smaller sizes of the metal

One 1ndivigual Wirtars of Several l Nonhyper-
Hypergolle
‘ substanes l tndlvidual eus [ L in particles.

Pig. 10,2. Classification of chemical propeliants.

p—p—

Chemical propellants
(Fig. 10.2) are classified by the following criteria:

a) the number of basic components - mono-, bi-, and tripropel-~
lants:

b) by the aggregate state of the basic propellant components —
solid, liquid, and solid-liquid (hybrid) propellants;

¢) by the features of the interaction of the propellant compo-
- nents upon thelr immediate contact — hypergolic and nonhypergolic
propellants, :

Hypergolic propellants ignite (3-8)010"3 seconds after their
components come into contact (this time 1s called the self-ignition
delay period). A special system is required to ignite nonhypergolic
propellants.

Tripropellants include, in particular, those containing oxidi-
zer, fuel, and a comgponent with small u (e.g., liquid hydrogen),
sometimes called a diluent.

ARl
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Solid propellants can.be homogeneous (uniform) or heterogeneous
(nonuniform, or mixed). A homogeneoue propellant is a chemical sub-
stance whose molecule contains both oxidizer and fuel; a solid solu-
tion of two such chemical substances can also be a homogeneous pro-
pellant. A heterogeneous propellant is a mechanical mixture of oxi-
dizer (usually crystalline) and fuel, which at the same time acts as
the binder, thus assuring creation of a soliZ propellant charge with
the necessary mechanical characteristics. Solid propellants are
examined in Chapter XVI.

§10.1. Simple oxidizers and fuels

Chemical propellant components contain both oxidizer and fuel
elements. Propellant components consisting of oxidizer or fuel
elements of a single type are called simple oxidizers or fuels, re-
spectively.

The oxidiszers include oxygen and the halogens: fluorine, chlor-
ine, bromine, and iodine. Oxygen and, in particular, fluorine have
the best oxidizing ability. They are used as simple oxidizers and
in combination with other, less effective, oxidizing elements. Cer-
tain properties of simple oxidizers are given in Table 10.1.

Table 10.1. Certain properties of simple oxidizers

(35, 37] .
& ) T
el B B o O
Oxidiger o3 £ q state a% standard -
gg § pressura
g% X3 K
£ | kmole 'n* K
Oxygen O, 8 | 39| NGac T )l 54,35 | 90,18
KHn
Fluorine Fy 9| 37,997 1507(at T, )] 33,33 | 85,02

KW

Chlorine | Cl, |17 | 70,906 | 1537 (at T )] 171,85 | 238,45;

239,08

wnn
Bromine Br, 135 | 139,808 ] 3102(at 265,85 | 331,08;
298, 15K) 331,98
Iodine Iy 53 | 233,809 :mo&.e 386,85 | 435,95;
393°, 15K) 457,80
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The basic fuels of chémical rocket propellants are hydrogen,
lithium, beryllium, boron, carhton, magnesium, aluminum, and sillcon;
other fuel elements - sodium, calcium, phosphorus, titanium, and
zirconium — are less effective. Table 10.2 gives the basle proper-~
tles of sinple fuels.

Table 10.2. Certain properties of simple fuels

[35, 371
& £ Tes | Tu
g #  |in sclid} 4n ltquid
fuel Chemical! © . state state at standard
formula i pressure
L Kk,
< et % «
Hydrogen H> 1 2.0!6| - 70,97 13,94 20,9
i (st T,.)
Lithium Li 3 6.939‘ . 534* 507 453,65 | 1620,18
© (st
: 473°, 15K) .
Berylltum Be 4 |9,012] 1850¢ — 1558,15 | 2757,18
Boron B 5 [10,811] 2300 - 2300,15 | 3950,15
Ci * - K N
(awen 1 C 16 f2,0nf 2250 4873.3973# =413
Magnesium Mg |12 |o4,305] 1740 - 923,15 | 1381,15
Aluminum Al 13 26,982‘. 2100¢ 2289 932,15 | 2740,15
(at
. 1273% 15K)
Silicon Si 14 [28,085] 2000 — — 22873
(amor- .
phous)
oAt 298,15°K.

Propeliants using fluorine as the oxidizer are more efficient
than oxygen-based propellants. This 1s explained by the following
features of oxides (the end products of fuel/oxygen interaction) and
fluorides (end products of fuel/fluorine interaction).

1. The heat of formation of fluorides for most of the examined
fuel elements 1is greater than that of the oxides.

15
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2. The boiling and melting points of the fluorides are sub-
stantially lower than those of the oxides. Therefore, in most cases
the flucrides leave the nozzles of chemical rocket engine chambers
in the gaseous state, while many oxides (particularly BeO and A1203)
leave in the 1liquid or solid states,

A M
' .

Hydrogen, upon interaction with oxygen and fluorine, does not
give the highest heat of formation of the corresponding oxide (H2D)
and fluoride (HF), but these compounds have low molecular mass and
low values of T and Tnn’ which makes propellants using oxygen and .

HHUn
fluorine as the oxldizer and hydrogen as the fuel very efficient.

P Metals and metal-contalning compounds with low molecular mass ;
(L1, Be, B) are also highly-efficient fuels. Carbon is one of the %

relatively low-efficlency fuel elements.

* §10.2. Particular requirements of liquid chemical propellants

The general and specific requirements of chemical propellants
have been examined in §§3.2 and 3.3.

In accordance with equation (5.10), propellants should assure
high thrust-coefficient values K, (see §5.3) and B (see §4.5). These A
coefficients, as well as velocity wc (see §4.5), increase with in-
creasing temperature and gas constant of the combustion products at
the nozzle inlet, and also with increasing expansion ratio €, and
decreasing index np.

A substantial influe:..> 18 exerted by temperature TK, which 1is
a function of the working heating capacity Hpao, determined by tne
type and ratio of the propellant components.

T
i,

The chemical propellant component, like all working fluids of
the rocket engine (see §3.2), should have high density. This is
particularly important for the oxidizer, since it is its density
which basically determines the density of the propellant.

ol it S
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In connection with thé fact that the values of Iynh and Py have
varying influence on the characteristic velocity of a rocket vehicle,
the need arises for a combinatlion estimate parameter, such as the
expression Iynhps’ where ¢ 1s an exponent whose value is defined by
the equation

m,/m
C= 3 Touny R

1
& T—my/mae

Here m_ 18 the mass of the propellant components.

The maximum value of the expression Iyghp$ corresponds to the
maximum characteristic velocity of the rocket vehicle. Exponent c,
which defines the influence of propellant density on the rocket
vehicle characteristic velocity, 1s less than one. Therefore, the
specific impulse, rather than the propellant density, has a greater
influence on the characteristic velocity. With a decrease in ex-
ponent ¢ (i.e., with an increase in the ratio mT/mHaq), the influ-
ence of the density p  decreases. Withm /m _ = 0.8, characteris-
tic of balllstic missiles, ¢ = G.5.

For the upper stages of rockets the influence of the propellant
density decreases, while that of the specific impulse increases.
Therefore, for these stages we recommend use of the propellant
LOX + 1liquid hydrogen, desplte the extremely low density of liquid
hydrogen (p = 71 kg/m3).

The stability with which combustion or decomposition occurs,

and the starting properties, are also important characteristics of
a chemical propellant.

The stability of combustion or decomposition of the propellant
is determined mainly by the amplitude of oscillations of pressure Py
the greater the amplitude, the less stable the chemical reactions in

the chamber and the lower its operational reliability (see §15.1).

Propellants with good starting properties assure stable engine

17
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start-up regimes (without large oscillations of pressure p“). For
example, two-component propellants with goosd starting properties

ignite easlly and reliably over a broad rauge of change of coef- {
ficient %, which is explained by thelr follcwing features:

a) easy evaporability;
b) low ignition point;

c) small amount of heat required for ignition;

d) short ignition delay period Ts.8°

From the standpoint of ensuring good starting properties and
stable combustion, and also to simplify engine design, hypergolic ’ o
propellants are usually preferred over nonhypergolic propellants.

The following additional requirements are imposed on liquid
propellant components:

a) low viscosity and as little a change in it as possible 1in
the engine operation temperature range;

[

b) low surface tension;

per—

c) low saturated vapor pressure.

With low viscosity of the propellant components there 1is a de-
. crease 1n the hydraulic resistance of the engine lines, which re-
sults in decreased power expenditures for feeding the components to
the chamber.

With low viscosity and surface tension of the propellant com-
ponents their atomization is improved, i.e., they break up into
finer particles as they enter the chamber, facilitating more com-
plete combustion. 3

Low saturated vapor pressure decreases the amount of components
lost to evaporation and has a favorable influence on certain other
parameters of the engine and of the vehicle as a whole.

18




If the engine chamber has external circulating cooling, one of
the propellant components should have good cooling properties.

We must point out that there are no propellants that can be
used equally effectively for various types of rocket engines with
varying thrust. Therefope, tha propellant should be very carefully
selected in each specific case.

§10.3. Characteristics of liquid propellants

LPRE's use mainly bipropeilants. Such propellants are also
called separate~feed propellants, since the oxidizer and fuel are
stored in separate tanks and fed to the chamber along different
ilines.

LPRE's operating on a monopropellant (or unitary propellant)
are simpler in design and operation.

Monopropellants, a blend of oxidizer and fuel or solutions of
fuel in oxidizer, can have sufficiently high power characteristics,
but such propellants tend to explode. The same can be said of a
monopropellant consisting of one substance whose molecule contains
both oxidizer and fuel elements (e.g., nitromethane CH3N02).

Monopropellants consisting of one individual substance (e.g.,
hydrazine NZHM) and releasing heat as a result of decomposition in
the presence of a catalyet are stable enough, but have relatively
low power characteristics. '

Both so0lid and 1liquid catalysts are used. The solid catalyst
is located directly in the chamber; its mass remains practically
unchanged during engine operation.

The liquid catalyst 1s located in a separate tank and is fed
directly to the chamber along a special line.
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An example of a starting propellant component for an LPRE is
triethylaluminum A1(02H5)3, a liquid that 1gnites in alr; it 1is used
to ignite nonhypergolic propellants.

When designing an LPRE and any other type of rocket engine we
tend to eliminate, as much as possible, starting and auxiliary pro-
pellant components. The use of only basic propellant components ;
simplifies the design of a rocket vehicle and the fueling units of
launch complexes, facilitates filling of the tanks, etc.

“ Above we indicated that alditives are introduced into rocket
)

propellants in a number of cases, additives which assure the following, .
in particular:

? a) prolonged chemical stability of the propellant component
(inhibitors);

! b) reduction in the corrosion activity of the propellant com-
ponent (deactivators);

¢) a decrease in the value of Ta.p (catalysts);

d) self-ignition of the propellant (this can be achieved, e.g.,
by introducing liquid fluorine into LOX). )

J §10.4. Liguid oxidizers and fuels of rocket propellants

The oxidizers usually make up the bulk of the propellant. Sim- ?
ple oxidizers (02, Fz) or combinations of oxidizing elements (oxygen %
fluoride 0F2, halogen fluorides: ClF3, CIFS, BrFB, BrFs, IFS’ and ;
others, perchloryl fluoride ClO3F, and others) consist entirely of
oxidizing elements.

Certain oxidizers contain nitrogen in the molecule together with '
the oxidizing element; this is a neutral element (nitrogen tetroxide
Nzou’ nitrogen fluorides NF3 and NFu, and others). Certain oxidizers
contain fuels and neutral elements simultaneously (nitric acid HN03,
tetranitromethane C(Noa)u, perchloric acid HC10,, and others).

K DR BB T
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Hydrogen peroxide HZO? includes oxidlizer and fuel elements.

The following oxidizers are most widely used in LPRE's: oxygen,
nitric acid, nitrogen tetroxide, and hydrogen peroxide. The physico-
chemical properties of the basic oxidizers are gilven in Table 10.3.

The most efficient fuels are those consisting entirely of fuel
elements. The presence of nitrogen or some oxidizer element in the
fuel, as a rule, lowers the power characteristics of the propellant.

The fuels used and foreseen for liquid propellants can be
divided into the followlng groups:

1. Liquid hydrogen and nitrogen-hydrogen fuels: hydrazine
Nzﬂu, ammonia NH3.

2. Fuels contalining hydrogen, nitrogen, and carbon, and which
are hydrazine derivatives: methylhydrazine (MMH) HZN—NH(CH3),
unsymmetrical dimethylhydrazine (UDMH) HZN—N(CH3)2, and aerozine-
50, a 1:1 blend of hydrazine and UDMH.

3. Hydrocai*on fuels: kerosene (a blend of hydrocarbons pro-
duced during petroleum distiliation); methane CHu (l1iquefied hydro-
carbon, a basic component of natural gas); ethane CZH6 and propane
C3H8 (also liquefied hydrocarbons); and others.

4, TFuels containing hydrogen, carbon, and oxygen (alcohols):
ethyl alecohol 02H50H, methyl alcohol CHBOH, and others,

The physicochemical properties of the basic fuels are given in
Table 10.4,

§10.5. Characteristics of two-component propellants (bipropellants)

The characteristics of basic bipropellants are given in Table
10.5-

Table 10.6 shows the hypergolic and nonhypergolic propellants.

21
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Values at 298.)5°K; for low-boiling oxidizers - at the doiling point.
Values at 293°K; for low-bdoarling oxidizers —~ at the boiling point. -

Table 10.3. Certsin properiies of liquid oxidiszers (2, 23, 35)
T T aximum
possi-
. » e® ,* fg::ﬁ:é’ ble concentra-
Chemical at standard tion 1n atr
Oxidizer formula pressure
)4 X
-5 *« 3R 3
Cxygen 0, 3,00 84,25 [,00,18 | 1144 | =208 | Stadle Nontoxic
Y
Hydrogen peroxide #,0s 3M,015| 21,26 ] 423,33] 1442 | 8530 |Unstadble 1.0
Nitric acid HNO, 63,014 231,861 357,28 1504 | 2783 " f X]
Nitrogen tetroxide NyOy 92,011 261,96 2043 1442 | 206 | Stadble 50
Fluorine | NN NN | 85,02 1507 | ~338 | Stadble 0,03
(;xygcn fluoride or 83,906 {-49,38 | 127,851 1521 222 | Stadble 0.0'I
Chlorine trifiuoride Cify 02,448 105,83 264,90 1000 | ~2000] Stadble [Highly toxic
Chlorine pentafluorid CiFg 110457 - 1m0 | - " Sligntly
. texde
Nitrogen trifiucride NPy 7,008 68,36 | 144,04 1831 | 2050} " Highly toxic
Tetrafluorchyirazine Natfy 104,016 | 105,15 | 200,18 (nsoo - " "
at
. ) 173° K)
Bromine trifluoride BiFy 1106916]281,82 | 28,9 | 2197 - » Toxie
”
Bromine pentafiuoside Befs | IM4,0161210,68 | 313,45 2465 | ~2625 " »
‘ )
Perchleryl fluortde | CIOF | 102,457 | 135,41 | 206,48 | 1600 | —300 . ?::1:”
ferzhlorie acid HCIO, | 100,485 | 165,180 | 403,18 | 4773 | ~460 | Unstable 7‘0813

—a —— mn  aMee &
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Table 10.4., Certain properties of liquid fuels-

2, 23,353 -

Tos lr““" Max,
poss.
# Jat standard e |i** oLy
1cal in al
S oo B sty
k k kJ
s I A t
Hydrogen H, 2,016] 13,94] 20,39| 70,97 —3828' Stable |Nontoxic
Hydrazine | NM¢ [32,0481274,681386,65) 1004 | 1573 " Toxic
Ammonia NH;  |17,032[195,39;239,73] 682 |—4) " 2050
Methylhy- H?N-— 46,0751220,75/360,65] 87411222 = Toxic
Fum“ (MMH)E NH(CH.)] .
VDN H,N— 160,102{215,95[336.25] 784 | 774 " |
N(CH3),
Asrozine-50 —  [45,5841265,83]343,25f 699 | 1173 ) )
kerosene JC:oHipad — | 2001350 | 820—1—1728] 300
(cond. 220 850
fore.)
Methane CH; |16,047 89.15?11.65- 423 (2430 = Siightly
. %oxic
‘l{:gggl gliSOH 16,0701159,05(351,47| 785 -dﬂbt " 1000
Diborane B 127,67 [107.651180,65] 430 | 438 [stable in Hignly
< hermets toxic
tank
Pentaborane | B;liy 163,27 226,34P35.15l 618 | 381 . 0,0

Syalues at 298.15°K; for low-poliling fuels — &t bolling point.
*eValues at 293°K; for low-boiling fuels — at the boiling point.

LOX-based propellants.

duction and use is very familiar.
the chamber due to the high temperature of the combustion products,
and the comparatively low percentage of fuel in the propellant, have
been successfully overcome, and the propellant 02 + kerosene is

widely used in modern LPRE's. LPRE's have been developed which pro-

The propellant 02 + kerosene 1s cheap and reliable, and its pro-
Certain difficulties in cooling

23

During the initial development period

of LPRE's and during World War II, the propellant liquid oxygen 02 +
ethyl alcohol 02H50H was widely used.
capacity of this propellant led to its replacement with 02 + kerosene.

The comparatively low heating
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Table 10.5. Theoretical charscteristics of certain bipropellants {35) (p, |
= 68.946 bars [68.0U6 atm(phys)]; p, = 1.013 dars [1 ata(phys)); x Nonrd
i Pp ® P3i equilibriun expansion)
4 ) Oxidiger
toistie]  Pued
r ter 0 { WOy [uxog | Mo, | ;| om | ar | an | N | clon
H, 400 | 7,33 | 6,14 | 825 | 8,00 | 567 | 1.3 | 1,80 | .20 | 6,14
% NeH, 092 [ 2,0 | 150 | 1,33 | 297 | 1,50 | 2 |. 20| 325 1.0
UDMH 1,70 | 426 | 300 | 257 | 245 | 260 | 283 | 3w ] 37| 270
Bty 242 | 2,23 | 3,00 | 3,00 | 486 | 400 | s 0 | 735 600 | 37
: Hy m 48 % 353 408 s | -8 6!6 n? w
) & NHe  |-woes | a2 | iose | amz | ame | a3 | sase | usor | wes | s o
E kg/m? UDMH o1 | 1244 | 1223 | uro | oo | ime | 1325 | 13w x| s <
B:H, 07 | 102 10T | 1084 | 1199 | MM | W13 § 1493 | w02 | 108 i
i ' Hy 2077 | 2019 | 2474 | 2600 | 2088 | 3847 | 2708 | 3134 | 384 | aom
T, N 306 | w021 | n | 3y | am;r | 047 | w57 | 201 | st | 37 :
*® UDMH 308 | 208 | 347 | 308 | 4464 | 4403 | 4003 | moo | 4z | 237
{ Blly 4160 | 2060 | 3508 | 3013 | 080 | 5000 | 46s6 | 447 | asi0 | a2 ;
I 1,992 | 1,47 | 1288 | 1,20 | 3,297 | 1o | 5,200 § 0,060 | 1,280 | 1258 |
’ . 1 ATH 1064 | 1087 | 1,000 § 1000 | a9} s0e | ogamo | 297 | ottt | o1am i
¢ UDMH L4 ] 1,160 | 1,472 | 1,108 | 3,049 | 1067 | 1,100 | 1,108 | 8 | 1N !
ByHy LML | A2 ] 1,098 | 0,020 | 0,180 | 0,008 | 1,080 | 1,082 | 1,088 | 1,128
. t, 2431,1 | 2011,3 | 20008 | 21340 | 2553.7 | 2562, | 2145.7 | 20221 | 22,2 | 2 )
1 ? NaH, 1990,7 | 1783,4 | 4,2 | 1779,9 | oviz,e | 20018 | 1938,0 | 1827,0 | 26,4 | 17046 i
Nes/kg UDMH 1856,4 | 171,21 1654,4 | 1725,0 | 2087,8 | 2136,0 | 1826,0 | 1726,0 | 1050,4 | 17844 ;
B:H, 1804,6 | 1832,9 | 1733,4 | 17,9 | 2178t | 263,3 | 1m30,3 1 178,58 | 03,3 | 1%t
H, 3835,4 | 2161,7 | 31352 | 3.0 | a0as.d | 40123 | 23637 | 3us.0 | 25647 | amas
Ins Notl 3068,5 | 2813,5 | 2737,0 | 2054,7 | 3373,5 | aw2.1 | 2080,7 | 80,0 | 32,3 | 2en3,0
Nes/xg UDMM 2037,1 | 2me2,1 | 2671,3 | 706,90 | a418.7 | 3183,9 | 2005,3 | 20,6 | 31479 | ;Mw,0
B.Hy 3135,2 | 2031,2 | 2880,2 | 20354 | 35202 | a345,1 | 2026,3 | 28469 | 39754 | 2w
Iy 4471,8 | 26758 | 0%,3 | 272,06 | 4683,7 | 4600,5 | 3867,4 | %206 | 4118.8 | o0 )
lysw Nl 22,5 | 3310,7 | ano7 | 31538 | 4210,0 | 4000,9 | 3%7;7 | avia,e | aaz8 | Awmis
Nes/xg] .ubmH 3610,8 | 3204,1 | 3153,8 | 3304,8 | 4050,1 | 4085,8 | 3u4t,2 | 3zw,1 | 3we.t | 3819
BiH, an7,5 | 3650,8 | 3454,9 | 3526,8 | 4204,7 | 4248,2 | 2616,7 | 3102,0 | 38091 | aans.3 1

duce, using this propellant, thrusts up to 7000 kN [=700 tons].

The propellants 02 + NHu, 02 + NH3, O2 + MMH, and O2 + UDMH have
better starting characteristics and more stable burning as compared A
with 02 + kerosene., Of these propellants, 02 + UDMH is the most
widely used. For these propellants, and also for 02 + H2, despite
their high heating capacity, a reduced temperature of the combustion
products is characteristic, which facilitates chamber cooling.
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Table 10.6. Characteristics of ignition of
certain propellants

Oxidizer
Fuel o, | #o, | wvo,| x00 | ® | am
H N N N N H H
NaH, N C H H H H
NH, N N C C H H
MMH N N H H H H
UDMH N N H H H H
CH;0H N N N N H H
Note: N ~ nonhypergolic propellants; H — hyper~ i
. golic propeliants; C — propellants that oclf—i;- :
oite in the presence of s catalyst

The greatest specific impulse (up to 4800 N-s/kg [=480 kgf s/kgl)
of all modern propellants that have been developed 1s provided by the
propellant LOX + liquid hydrogen (02 + H2). LPRE's have been de- .
veloped which, using this propellant, yleld thrusts of up to 1000 kN
[+100 tons]); work 1s being carried out in the US on creation of an
LPRE with a thrust of up to 7000 kN [~700 tons]. Despite the low
density of the propellant 02 + H2 (pT =z 320 kg/m3), its use for LPRE's
in the upper stages of booster rockets makes it possible vo substan-
tially increase the mass of the payload.

When up to 5% of liquid fluorine is added to LOX, all LOX~based
propellants become hypergolic.

When the propellant 0, + H, is replaced by (70% O, + 30% F,) +
+ H2, the engine specific impulse increases. The mixture 02 + F2
. can be used with UDMH, kerosene, and liquefied hydrocarbons (methane,
ethane, and propane). ;

Hydrogen peroxlde-based propellants. Hydrogen peroxide was
widely used as an oxidizer in LPRE's during World War II.

However, during that perlod, hydrogen peroxide was used in the
form of an 80% aqueous solution, which reduced the heating capacity
of the propellant. With the development of methods for stabilizing
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hydrogen peroxide, it became possible to increase its concentration
to 90%, and in certain cases to 98%.

Propellants on a highly-concentrated hydrogen peroxide base are
just as good as nitric acid-based propellants as far as density is
concerned, and at the same time they assure a somewhat greater spe-
cific impulse at a substantially lower combustion temperature. An
additional advantage over nitric acid and nitric acid-based oxidizers
is the lower corrosion activity of hydrogen peroxide.

The propellant H202 + kerosene 1s the most widely used; H202 +
+ UDMH, Hzo2 + NH3, and H202 + NQHM are used more rarely. The con-
i centration of H202 in all these propellants is 90%. Prospective
hydrogen peroxide~based propellants include H202 + 52H6 and, 1n par-
’ ticular, H202 + BSH9' An important advantage of the latter is that

it consists of high-boiling compounds.

Nitric acid-based propellants. The heating capacity of such
propellants is less than that of LOX-based propellants, but unlike '
the latter they have high density and can be stored for a prolonged i
time in a fully fueled rocket.

Nitric acid (100% concentration) is an unstable product. There-
fore, LPRE's use concentrated nitric acid containing about 2% Hao
~and 0.5% nitrogen oxides No2 (this 1is called white fuming nitric
acid [WFNA]) or a solution of concentrated nitric acid and nitrogen
tetroxide Nzou (this solution is called red fuming nitric acid
[RFNA]). The latter oxidizer is more efficient. RFNA-based propel-
lant, using UDMH as the fuel, is an example of a hypergollic propel-
lant with prolonged storage capability, good starting characteris-
tics, and stable burning.

However, nitric acld-based propellants have basically been re-
placed by nitrogen tetroxide-based propellants.

Nitrogen tetroxide-based propellants. The propellants Nzou +

N
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+ N2Hu, Nzou + MMH, and, in particular, Nzou + aerozine-50 and Ngou +
+ UDMH are the most widely used, especially when prolonged storage is
required. They are not qulte as good as 02 + kerosene as far as the
specific impulse that can be developed by the engine, but their den-
sity 1s higher.

The propellants Naou + aerozine-50 and Nzou + UDMH make it pos-
sible to create reliably operating LPRE's with high specific impulse
and very high thrust in a.sin:le chamber. The propellants Naou +
+ NZHM and Nzou + MMH are used for engines having relatively low
thrust; the latter propellant has the best starting properties.

Fluorine-based propellants. Liquid fluorine is best used 1n

{ combination with such fuels as ammonla, hydrazine, pentaborane, and

in particular liquid hydrogen. The propellant F2 + H2 is 4-5% better

than O2 + H2 as far as the mass specific impulse developed by the

engine, 70% better as far as volume specific impulse is concerned,
and 55% better in density. It is most suitable for the LPRE's of

A the upper stages of booster rockets and for the LPRE's of space

vehicles having a relatively short flight time and high required

total thrust [1].

The disadvantages of F2 + H2 include: 1) high temperature of

the combustion products, which complicates chamber cooling; 2) the

. high cost of fluorine; and 3) the high toxicity of fluorine and its
combustion products (HF).

The high values of the volume specific impulse developed by an
engine using fluorine-based propellants can be Judged from Table 10.7.

The LPRE's of space vehicles can use the following propellants:
F2 + NH3, F2 + N2HU’ F2 + MMH, F2 + CHu, F2 + BZHG’ and others.

Propellants based on fluorine~-containing oxidizers. Oxygen

fluoride OF2 is best used in combination with liquid hydrogen, UDMH,
P MMH, hydrazine, ammonia, and methane. For the LPRE's of space
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Table 10.7. Volume specific impulse of oxygen and
tluorine LPRE's at sea level (p = 66.7 bars [68

kgf/em?d; p Pe * 0.981 bars [1 kgf/cmzl. LI

ant

equilibrium expansion)

i Oxidiger B
0, | )
Fuel Iysb.s

—

Nes/m? kgfes/liter Nes/m® |kgl+s/liter

Hy 1,069 109 1,834 187
NH; 2,569 262 4,119 420
NH, 3,258 338 4,678 an

vehicles 1t 1is possible to use the propellant OF2 4 BZHG‘ The mass
and volume specific impulses of engines using oxygen fluoride-based
propellants are higher than those for LPRE's using LOX-based pro-
pellants. All oxygen fluoride-~based propellants are hypergolic and
have, except for 0F2 + Hz, comparatively high deunsity.

Because of the high cost of oxygen fluoride, in a number of
cases it 1s advisable to use F2 + 02, whose efficiency 1s only some-
what lower.

The prop llants ClF3 + N2H2 and, in particular, ClF5 + N2Hu
are very promising as long-storage hypergolic propellants. One of
the difficulties arising when using ClF5 + Naﬂu is the formatlon of
a solid deposit on the inner surface of the chamber walls.

The propellant BrF5 + BSHQ i1s highly efficlent; its density 1s
1990 kg/m3. The volume specific impulse of an engine operating on
such a propellant is 4.81 N-s/m [489 kg;-s/liter] when p, = 68.7
bars [7( kgf/cm ] and P, = 0.981 vars [1 kgf/em ] with equilibrium
expansion and optimum coefficient n.

Among the efficient propelilants are those on a nitrogen tri-
fluoride NF3 and, in particular, tetrafluorohydrazine NzFu base
using hydrazine, pentaborane, and liquid hydrogen as the fuels.
However, the use of tetrafluorohydraz!-. 1s hampered by 1ts high

cost,
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§19.6. Selecting the optimhm oxidizer excess coefficient Qou

After selecting the propellant components, we calculate the
optimum value of the coefficient for the propellant component ratio
n or the coefficient L In these calculations we find the maximum

of the expression Iynhps‘

The engine specific impulse and the propellant density depend
on the coefficlent a_ , 1.e., Iynh = f(aOK) and p_ = f(aoﬂ).

The specific impulse has maximum value with an excess of fuel,
i.e., when oL, < 1, and not with a stoichiometric propellant com-
ponent ratio, since with a fuel excess the combustion products con-
tain an increased amount of gases with low molecular mass (CO, H2,
and others) compared with the content of gases with higher molecular
mass (002, H2O, and others). In addition, when @ < 1 the tempera-
ture of the combustion products is lowered, which results in de-
creased expenditure of chemical energy of the propellant on disso-
ciation. Chamber coolling is facllitated at the same time: 1t is
easier to cool a chamber, using a greater fuel flow, In which at the
same time the combustion products have reduced temperature.

As the temperature of the combustion products increases, the
value of the coefficient %o for which maximum specific impulse 1s

_ assured decreases.

Usually the oxidizer density 1is greater then that of the fuel,
i.e., Pok > P Therefore, with decreasing coefficients Ao and »n
the density of the propellant Py decreases,

Because of the influence of propellant density, the value of
the coefficient @0k for which maximum characteristic veloclity of
the rocket vehicle is achieved is shifted from the value of the
coefficlent a_ corresponding to the maximum specific impulse,

OH
toward lower values.
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"l“a!;.le 19,8. Valuer of coefficient The optimum values of coefficlents
Lpngr:sceruin propellants used in a and % also depend on the gas e .pansion

OH
: Propellant ratio € For a chamber with a large gas
oxidiger fuel * expansion ratic a, ..+ 1 (usually
%o ont = 0.95-0.98) as a result of the
0, Hy 4,50—5,50 | more cnmplete recombination reactions.
0, Kérosene | 2,20-2,38
0y NH,§ 1.98 Table 10.8 gives the values of the coef-
Fp H, |8,00-12,00 ficient % used for certain LPRE propel-
N;Os  IH\N-NH(cH,) 1,64—2,54 | jgntg,
N.O, Aerosine-50| 1,50~2,00
85% Kerosene 8,2
1,0, : §10.7. Liquid monopropellants

The most widely used LPRE monopropel-
{ lants are hydrogen peroxide and hydrazine, substances which can de-
compose with the release of heat in the presence of a catalyst.

A high-concentration (90-98%) aqueous solution of hydrogen per-
oxide, when used as a monopropellant, assures an LPRE specific im-
pulse of 1500-~1900 Nes/kg [~150-190 kgfe+s/kgl; here the vapor-gas
temperature in the decomposition chamber is 875-1250°K. With great
expansion of the hydrogen peroxide decomposition products in the
chamber nozzle the water vapors condense, which causes a certain
lowering of the engine specific impulae,

Hydrazine is a more efficient monopropellant than hydrogen per-
oxide is. It decomposes on heating to 750°K, forming the gaseous
products NH3, H2, and N2 (with complete decomposition — only H2 and
N,).

2

The hydrazine decomposition products have rather high tempera-
ture (to 1475°K), low molecular mass, and do not tend to condense.
Hydrazine assures an engine specific impulse of 2200~-2400 Nes/kg
[~220~2L0 kgfes/kgl.

Monopropellant LPRE's operating on hydrogen peroxide or hydra-
b zine have lower specific impulse but their operational reliability
is higher than bipropellant LPRE's. Therefore, hydrogen peroxide
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or hydrazine are usually used as propellants for auxiliary LPRE's
with low thrusts, including those 1n satellites and space vehlcles.
In particular, we should note the creation of a hydrazine liquid
retrorocket engine with multiple ignition and variable thrust
developed in the US for a soft landing on Mars [1].

The addition of nitric acld or hydrazine nitrate N2H5N03 (com~
ponents with oxidizing properties) to hydrazine increases the engine
specific impulse and the density of the propellant, and also lowers

the freezing point (e.g., to 253°K [-20°C] with the addition of 24%
N2H5N03).

A menopropellant blend of 75% N,Hy, 24% N2H5N03, and 1% H,0
assures an engine specific impulse of up to 2600 Nes/kg [+260 kgf-*
*s/kg) and a density of 1110 kg/m3, i1.e., the power characteristics
are close to the mean-power bipropellants of the type Nzou + aerozine-
50.

Table 10.9. Certain characteristics of LPRE's operating
on bipropellants

b4 st p,_ * 9.81 dbars
Upper 1imit Te YA L10 kgereat)
propellant °:“:’HR;1 -
temperature oK . Nes/kg Kgres/kg
80% H,0: — 1150 1763 180
98% H30: 383 1240¢ 1893+ 193*
NaHs 533 1346¢- 242200 24700
NaHo(755) ¢ NoHeNO, 491 1615°+ 2569** 262+
(24%) + Hqe0 (1%)

*The values are given considering condensation of water vapors &s they
move through the noszle.
9%The values are given for the condition that 40f of the ammonium that
foras decomposes into nitrogen and hydrogen.

Table 10.9 gives the values of TK and IyA
ting on various monopropellants [1].

n for LPRE's opera-

In monopropellant LPRE's it 1s possible to use other propellants,
including asmmonia, UDMH, isopropyl nitrate (CH312CHON02, and others.
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Products of the decomﬁositlon of hydrazine, hydrogen peroxide, ; )
and UDMH are also used as the gaseous working fluid for the turbine ;
in bipropellant LPRE's with pump feed.

§10.8. Metal-ceontaining fuels and tripropellants

One of the ways to increase LPRE specific impulse and propel-
lant density is to use metals (Li, Be, Al, Mg), their hydrides (LiH,
BeHQ, and others), and also boron. They can be used:

a) in the form of a suspension or a colloidal solution of metal
in fuel;

b) in the form of a third component stored in a separate tank
and fed to the chamber along a separate line.

For each propellant we must select the type of metal and its
optimum content. For example, to the propellant 02 + H2 it 1s ad-
visable to add beryllium, while lithium can be added to F2 + Ha.
The component ratios of the propellants O2 + Be + H2 and F2 + L1 +
+ H2 are best selected such that the chemical reaction occurs between
the oxidizer (02, Fz) and the metal (Be, Li), while the hydrogen is
used as an inert working fluid, lowering the molecular mass of the
gases discharging from the nozzle. i

In place of the propellant F2 + L1+ Hz we can use F2 + LiH +
.+ Hy; 1lithium hydride evaporates better than lithium.

| After methods have been developed for stabilizing liquid ozone,
the most powerful chemical propellant will probably be 03 4+ Be + H2.

The use of propellants with metal-containing fuels is hamgered
by the following. ]

1. The difficulties in mixing metal powders and liquid fuels,
particularly cryogenic fuels.

; 2. The metal particles settle during shipment and with pro-

longed storage, It 1s possible to mix the fuel and the powdered ;
32
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metal divectly at the launch site, but this presents great opera-
tional inconveniences. The particles settle to a lesser extent with
an increase 1in viscosity and density of the fuel (e.g., with the
addition of wax or paraffin), and also with a decrease in the par-
ticle dimensions (to 1-40 um).

3. The productior of powder metals, especially beryllium (i.e.,
Be and BeH2 powder), is complex and expensive. In addition, powdered
Be and BeH2 are highly toxic, which eliminates the possibility of
using them as additives to the fuecl for engines of the first stages
of bcoster rockets.

4, When a metal-containing fuel is fed to the chamber, the in~
Jectors may become clogged. Certain difficulties are caused in the
organization of combustion of metal particles.

When a tripropellant 1s used the metal can be fed to the chamber
in atomized form, e.g., by a compressed inert gas. Tests of an ex-
perimental chamber operating on the tripropellant F2 + LI + H2 with
10-12% L1 ylelded a vacuum specific impulse of more than 5000 Ne+s/kg
[%500 kgfes/kg] [1]. The metal can be introduced into the chamber
along a separate line or directly in the form of a finely-disperse
powder which, however, involves g;eat difficultles.

The disadvantages of LPRE's using tripropellants 1s the com-
plexity of design and chamges in the operating mode.

The use of metal-contalning fuels and tripropellants leads to
an increase in heat flows to the chamber walls, which complicates
chamber cooling and increases the requirements on the structural
materials. LPRE's cperating on such propellants are most advan-
tageously used for space vehlcles and the last stages of boosters.
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CHAPTER XI

HEAT TRANSFER AND LPRE COOLING

§11.1. Forms of transfer of heat flows

During operation of most rocket engines, the walls of their
chambers receive a considerable amount of heat from the products of
combustion or decomposition of the propellant components or the
products of heating of the working fluid. To assure rellable oper-
ation of the chamber, and the engine as a whole, this heat must be
removed in some manner or other.

Quantitatively, the transmission of heat (slso called heat
" transfer) is determined by the values of the heat flux and the
specific heat flux.

The heat fluxz 1s the quantity of energy transmitted in the
form of heat per unlt time across any surface F. The heat flux is
measured in wetts [Joules/second; kilocalories/second] and is
designated by the letter Q.

il A

The specific heat fluxz (or the heat flux density) is the heat
flux arriving per unit surface area. The specific heat flux char-
acterizes the intensity of heat transfer; it 1s designated by q.
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Consequent.ly,
Q
qQ=z- (11.1)
The specific heat flux has the dimensions W/m2 [J/somz; keal per
2
hrem©].

The region of the nozzle throat is the most thermally stressed.
For certain types of LPRE's the specific heat flux in this section
. reaches 700106 W/m2 [60.2-106 kcal/hr-mzl.

T . The heat fluxes can be transmitted by convection, thermal ra-
b diation, and thermal conductivity of the medium (substance) (for
more detail see [17] and [18]).

The specific conveetion flux is designated Qyon? while the ra-
} diation flux is q,.

The relative values of convection and radiation fluxes in
various types of rocket engines differ significantly.

In the chambers of LPRE's with a cooling loop, the basic form

of heat transfer is convectlion heat fluxes from the combustion pro-

3 ducts to the inner wall of the chamber, and from it to the coolant
(a propellant component).

Heat transfer by means of thermal radlation is of much less
significance in LPRE's. However, the final sections of the nozzles
- of certain LPRE's have no cooling loops. The thermal regime of this
section of the nozzle 1is determined by the heat transfer from the
. combustion products to the nozzle wall and radiation heat transfer

from the wall into the surrounding space and to the combustion pro-
ducts.

‘ Nuclear rocket engines [NRE] and electrothermal jet engines
[ETJE] are characterized by higher gas temperatures than for chemi-
cal engines. Therefore the role of radlation noticeably increases
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in NRE's and ETJE's. In addition, convection heat transfer performs
the complex task of removing heat from the fuel elements to the
working medium.

Electric rocket engines [ERE] are distinguished by the very low
pressure of the plasma in their chambers. Therefore, the convection
heat fluxes, which depend on the pressure of the gas in the chamber,
are also low and the thermal regimes of these engines are determined
basically by radiation fluxes from the plasma to the chamber walls
and from them to outer space.

§11.2. Convection heat transfer

Let us examine the equations from which we can determine the
} specific convection flux from the gas to the wall surface and from
the wall to the coolant.

Let us introduce the following designations of the parameters
for a chamber with a cooling loop:

Tras 8 ~ the gas recovery temperature, determining the heat

transfer from the gas to the wall;

TH n — the temperature of the heated (heat-receiving) surface

of the iner chamber wall;

T,., — the temperature of the cooled (heat-giving) surface of

the inner chamber wall;

Tox —~ temperature of the coolant flowing through the cooling
loop;

Qou.n ~ the specific convection heat flux transmitted from
the gas to the heated surface of the inner wallj;

U.n ~ specific convectlon heat flux transmitted from the
cooled surface of the inner wall to the coolant;

o0~ coefficient of convection heat transfer fromthe gas to
' the heated surface of the inner wall;
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.0~ coefficient of convection heat transfer from the cooled

surface of the inner wall to the coolant.

The coefficient of convection heat transfer expresses the quan-
tity of heat transmitted by convection across a unit aurface per unit

time for each degree of difference of wall and fluid temperatures;
2

this coefficient has the dimensions W/mz-deg [kcal/hrem©-deg].
Therefore, the specific flux %on.H is calculated from the
equation
Grons™Cna(Traas—Tus)s (11.2)

while the specific flux 9.n is calculated from the equation

Gon=00 n(Ton— ru)- (11.3)

ras.s is somewhat lower than the.gas stagnation
temperature, since part of the heat released during stagnation of
the gas in the boundary layer 1s removed from it by convection and
thermal conductivity.

Temperature T

All the difficulties involved in calculating convection heat

transfer reduce to determining the heat-transfer coefficients %N

and %o.n° Tney are calculated using the dependence among dimen-

sionless criteria — the Nusselt, Reynolds, and Prandtl criteria:

Nu==f(Re, Pr). (11.4)

These criteria determine the nature of the change in veloclty
a~d temperature in the boundary layer, which influences to a con-
siderable extent the convection h~ t transfer.

Use of dependence (11.4) for heat transfer between combustion
products of an LPRE chamber and its wall gilves the following formula
for calculating heat-transfer coefficient %, .nt

nt
- 08
0,..33,95]-, (11.5)
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where B1 1s a set of thermobhysical properties of the combustion
prcducts, a function of their compositlion and temperature; ¢ is a
dimensionless coefficient, taking into account the influence of the
change in temperature and Mach number M with boundary layer helght;
m is the per-second mass flow rate of the combustion products; and
d is the chamber diameter.

The coefficient % .n depends on the product pW, and increases
with 1t. This is explained by the fact that with lncreasing gas den-
sity the number of gas particles per unit volume increases, while

% with an increase in gas velocity the number of
L t gas particles reaching the wall per unit time
| 9
increases. With convection heat transfer,
[ i) heat 1s transported by the particles. There-
( a . fore, with increasing gas density and velocity
___,/L“-._;l the process of heat transfer from the gas to
the wall becomes more intense, i.e., the
Telbubton of Spociese neat
fluzes Qg .., nd q, along values of a _ and Qyon.y increase. The pro-
the cheaber. duct pW h2s maximum value at the throat (see

§4.5); consequently, the values of aH.nand Quon.n 2re also maximum
in this section (Fig. 11.1).

Use -f dependence (1l.4) for heat transfer tetween the wall and
th2 coolant with high heat-flux values characteristic of LPRE cham-
bers gives the following formula for calculating heat-transfer coef-
ficient %0t

.. \08
u,_,=8,§(—;ﬁ-) 7’;1'.’." (11.6)
or, considering equation (4.9),
Qo= 3:.9(0.x‘7.x)°" ?l?'o . (11. 7)

L} ]

where 32 is a set of thermophysical properties of the coolant, a
function of the type of coolant and its temperature; 8 is a coef-
ficient which takes into account the change in thermophysical prop-

erties of the coolant with boundary layer height; ﬁox, Poys BNA W
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are the per-second mass fldw rate, the density, and the velocity of
‘the coolant, respectively; fo.r is the area ol the cooling-loop
eross section; drng is the hydraulic (equivalent) diameter of the
cooling loop, defined by the equation

45,
dnu:'!;""" ’

where M 1s the total (wetted) perimeter of the cooling-loop cross
section.

§11.3. Radiation heat transfer

Solids emit and absorb waves of all lengths, from A = 0 to

A =», 1,e., their radiation 1s characterized by a econtinuous
spectrum,

Gases emit and absorb electromagnetic energy only within spe-
cific wavelength bands AA, 1i.e., the radiation and absorption of
gases are characterized by a so-called line spectrum. Such radla-
tion and absorption are called selective. The simpler the structure
of the molecule or atom, the more clearly expressed is the line
structure of the radlation spectrum, and the more necessary it is
to consider such spectral structure when calculating radiation.

Selective radiation 1s completely inherent in the working media
of ERE's, 1.e., the monatomic gases cesium, lithium, argon, etc.;

"1t is very difficult to calculate theilr radiation. However, calcu-

lations that have been done show a sharp increase in radiant fluxes
q, with increasing temperature of the gases.

Of the gases making up the combustion products of chemical pro-
pellants, energy is mainly radiated and absorbed by the polyatomic
gases having asymmetric molecular structure, mainly water vapor HEO
and carbon dioxide coz. The radiating capacity and absorptivity of
monatomic and diatomic gases can be disregarded.

Solids usually radiate and absorb energy on the surface, while
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gases radiate and absorb tﬁroughout. Therefore, the radiating capa- :
city and absorptivity of gases contailning H20 and CO2 are determined %
not only by the gas temperature and the H20 and CO2 partial pres-
sures, but also by the shape of the combustion chamber; the latter,
in turn, is characterized by the mean free beam path .

The radiation of water vapor and carbon dioxide is subject,
with certain allowances, to the Stefan-~-Boltzmann law; to calculate
the radiation heat flux from these gases to the chamber wall we
can use the equation N

Tras\' .o T\t
9=1q, [smv. (-,f.’;’) — et () ] . (11.8)
where ¢ is the effective degree of blackness of the heated sur-

CT.3
face of the inner chamber wallj; €rasz and e;aa are the degrees of
blackness of the gas at temperatures Tras and TH.n, respectively.
cq is the radiation coefficient of an absolutely black solid, equal

to 5.67 W/mzodegu [4.96 kcal/hr°ﬁ2~degu].

The value €cr.3 is a function of the degree of blackness of
the wall and the gas (eCT and €rag? respectively). The value of
€y determined by the material of the wall and the state of its
heated surface, is taken from tables [17].

The value of €ras for combustlon products contalning water

vapor and carbon dioxide 1s equal to
€ras== 11,0+ 10, ~ #11,0%c0, (11.9)

The presence of the last term in (11.9) is explained by the partial
mutual absorption of HZO and CO2 radiation.

?he values of 4,0 and €00, are functions of the temperature of
the gas and of the product of its partlal pressure times the mean
free beam path 7, while the values of €y o &re also functions of the
' pressure of the combustion products Py Special graphs [17] are

used to determline eHzO and ECO"
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The distribution of spécific radiation heat fluxes a, along the
chamber 1s shown in Fig. 11.1; they are maximum in the combustion
chamber, since in it the pressure (and, consequently, the values
pHzo and pcoz) and temperature Tras have maximum values.

Considering the approximate nature of the radliation calcula-
tions, 1t is reconmended that q, be calculated only for the flow
core in the combustion chamber (let us designate this value by Q.4
while the values of q, in the other sections are taken as follows:

),

1) directly at the fire plate of the head

92=08 gax

2) in the section 50-100 mm from the fire plate to the conver-

gent part of the nozzle with diameter d = l.2d“p, the value of q, is

constant and equal to aQ, 3

3) at the throat
9x=0,502x;

4) in the divergent part of the nozzle with diameter d = l.SdK

p’
qQ, = 0.1q

ni H;
5) in tre last section of the nozzle with diameter d = 2.5de,
Q, = 0.02qn.K.
Connecting these points with a smooth curve we get the distri-
bution of the radiation heat flux along the chamber.

With a combustion-product temperature of 2000°K, q, is small
compared with the specific convection flux Qion.n? but with a com-
bustion-product temperature of 3000-4000°K, q, can reach 30% of the
total heat flux to the wall.

§11.4. Heat transfer due to thermal conductivity of the wall
material

If, as the engine operates, there is assured in some manner or
other a difference of the chamber wall surface temperatures, heat
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is transmitted through the wall because of the thermal conductivity
of the wall material. 1In this case the specific heat flux is de-

termined from the equation

Gor = (T, = To ), (11.10)
B¢e

where § is the wall thickness; ACT is the coefficient of thermal

cT
conductivity of the wall material, characterizing its capability to

conduct heat.

With identical wall thickness GCT, to assure a given flux Aoy
through the wall the required wall-temperature difference is the
less, the greater the coefficient Acr' On the other hand, with a
small coefflcient Acr the wall-temperature uifference TH.‘_I - To.n
can be rather great on a thin chamber wall. For example, with a
moderate specific heat flux through a wall q . = 11.6+106 W/m2
[10~106 kcal/hr-m2] the difference in temperatures -on a wall 1 mm

thick made of stainless steel 1is

T. —T =4u'ct=ll.'5-l(”-l-10" deg.
[N o.x der 23,3 =500 g

Of all materials, except for the noble metals, pure copper has the
D highest thermal conductivity coefficient.
‘“55 AN For copper contalining impurities, and for
%0, 54\‘47 alloys of copper with other metals (e.g.,
;z he bronze of some composition or other), :he

| ] value of A is noticeably lower.

W
""‘E = The coefficient of thermal conductivity
of metals and other materials 1s a function

300 400-300 600 720800 T°K  of thelir temperature. Figure 11.2 shows

rig. 11.2. Depandence of ¢ graphs A = £(T) for pure copper and stain-

ductivity for purs copper (1)
and stainless steel (2) on less steel,

temperature.

Taking this dependence into account, the coefficlent of thermal
conductivity in (11.10) must be taken at the average wall tempera-

Tu.n ATy v
e,

ture T =~ 2

b2
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§11.5. Characteristics of heat transfer through a chamber wall

During engine operation, the chamber walls receive both convec-
tive as well as radiant heat fluxes. Therefore, the total specific
heat flux entering the chamber walls 1is

q3=qll.n=qxlm,n 'i-q.t ( 11 . ll)

The specific heat flux q,.,, can also be written as follows:

M u=“.l«l(Tna.-""‘ ) (11.12)

where a; n 1s some effective heat-transfer coefficient which takes
into account both convection as well as radiation heat transfer
between the combustion products and the wall.

On the basis of equations (11.2), (11.11), and (11.12), the
heat-transfer coefficient a;_n is equal to

0 t
e a.,n = an a8

b
Ttu.r- Tl.n

(11.13)

The graph of the distribution of the total specific heat flux
Qg along the chamber is shown in Fig. 11.1. Because of the influ-
ence of the radiant flux, the maximum of the total speciflc heat
flux is shifted somewhat from the critical section toward the cham-
ber head. TFrom the graph in Fig. 11.1 it follows that the region
of the critical section is the most thermally-stressed section of
the chamber; therefore, rellable cooling of 1t causes great diffi-
culties. )

The heat fluxes entering the walls from the combustion products
pass th.ough the wall and are transmitted to the coolant flowing
through the cooling lioop.

At the start of englne operation, the coolant is transmitted
not the entire heat flux entering the wall from the combustion pro-
ducts, but only part of it; the rest is used to heat the chamber
walls, as a result of which the chamber wall temperature continually
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increases. As the wall temperature increases, that part of the heat
; flux expended on heating the walls contlnually decreases. Conse-
quently, the initial period of engine operation is characterized by
a nonsteady-state cooling regime., If specific conditions are satis-
fied, after a certain period of time (for an LPRE chamber this 1is

short) equilibrium is established. It 1s characterized by the fact
t that the entire heat flux entering the wall from the combustion
{ products 1s transmitted from the wall to the coolant. Therefore,

if we consider that the areas of the heated and cooled wall surfaces
are equal to one another, the following equality is guaranteed:

Jua™gcs = Jon=cONSt.

Over the entire section of heat-flux transfer — from the boun-
dary layer of the combustion products to that of the coolant — a
constant temperature distribution is established (Fig. 11.3), such

- ’; ™) Acri Aey=hers< Aere that the temperatures Tn.n’
1 } ‘s '; To.n’ and TOx remain constant
) 7 -;PS?tzi i despite the presence of the
) § ' » K _ heat flux. Consequently, in
) 51% gl & lr——*‘a,' this case a steady-state chamber
‘ = ,:s"'l"i 2l f//\ ol 2l &l 2 cooling regime is assured. This
3 e f 21288 heat flux, with a steady-state
t S | I g g 'é,; § cooling regime, will henceforth
g g @‘ 8 Bypmdomctig,- D€ designated qg, by analogy

- =%ane with equation (11.11). Conse-

Pig. 11.3. Graphs of the distribution of quently,

temperature through the inner wall and in

the boundary layers for various gas, cool-

ant, and inner-wall parameters Tu.a==Ges=qq n=qzx.

Therefore, equations (11.12), (11.10), and (11.3) can be written
in the following form:

= a:.l (Tua,g - n.l);
Gr= i (Tua =Tk
cr

Qr==0Cyp (Ton— Tox"
, From this,

P




' 9.
‘I.u.nu Tr.n.n'-r i ( 11. lll)
. a1
9z8c
Tu.n"‘ru.n".l' l"' H (11.15)
Tu.n:::rnx'*":qf'o - (11.16)

Substituting (11.16) into (11.15) we get
Ton=T o — . (11.17)
g,

The above equations are conveniently used for analyzing the in-
fluence of various parameters on the chamber cooling regime. A
ciuange of any of these parameters causes, to some extent or other,

a change in the graph of temperature distribution in the boundary
layer on the part of the combustion products, and throughout the
wall and in the boundary layer on the part of the coolant (see
Fig. 11.3). '

For example, 1f the temperature of the combustion products
Traa.a is increased, temperatures TH.n and To.n rise (see curves 1
and 2), with a simultaneous increase in temperature Tox' If the
wall material is replaced by a material having a higher coefficilent
of thermal conductivity Acr’ temperature Tu.n drops but temperature
T,.n Plses somewhat (see curves 3 and 4). The same effect is ob-
served with a decrease in the thickness of the ilnner wall Gcr‘ I1f,
in some manner or other (e.g., by increasing the coolant velocity
wox), the removal of heat fluxes from the wall to the coolant is
intensified, temperatures TH. and To' simultaneously drop (see

curves 2 and 3).

n n

As car be seen from equations (11.14)-(11.16), the difference
in temperatures and, consequently, the slope of the temperature dis-
tribution curve decrease

a) for the boundary layer of the combustion products, in which
their temperature drops from Traa.a to TH.n — with a decrease in qy

and an increase in the heat-transfer coefficient a; n’
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b) for the wall — with an increase in the coefficient of thermal

cornductivity of its material ACT;

AU e () %j&ﬁhwha

} . ¢) for the coolant boundary layer, in which its temperature drops

wlit

fpom TO n to Tox — with a decrease in qy and an increase in the

hgat-transfer coefficient ao n’

The influence of the parameters of the combustion products,
wall, coolant, and cooling loop on the coolinz regime will be ex-
amined in greater detail in §5§11.7-11.9.

A

T §11.6. Requirements on the engine chamber cooling system

] If the heat fluxes are not removed from the wall, within a
short period of time thé wall overheats and there 1s an inadmissible
reduction in the strength of the materlal of which it 1s made, or
burnout occurs, which can lead to destruction of the chamber.

1 Because of the high velocity of the combustion products; par- i
ticularly in the expanding part of the nozzle, the chamber walls are i
subjected to erosion. Wall erosion beccmes especially noticeable
during overheating, since in this case the erosion resistance of the
material decreases, Therefore, for reliable engine chamber opera- .

. tion the temperature of its walls should not exceed the value allowad

4 for the selected wall material based on strength and erosion-resis-

tance conditions, i.e.,

Tct < TM' ’
while for a chamber with external circulating cocoling
Tu ] < rna' -

A systea of external circulating cooling should maintain the
following standards.

N e fbA w

1. The temperature of the cooled surface of the wall TO n in
all sections of the chamber should not exceed the value at which so-
' called film boilling sets 1n; the presence of film boiling leads to

! a substantlal decrease in the heat flux from the wall to the coolant,
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and to its hurnout (see p. 53).

2. The temperature of the coolant should not reach those val-
ves at which it begins to decompose with formation of solid, resin-
ous, or gaseous decomposition products. Solld and resinous par- :
ticles are deposited on the wall, forming a layer with a low coef- b
ficlient of thermal conductivity. In this case, heat transfer from
the wall to the coolant 1s reduced, causing a rise in the tempera-
ture of the wall, and the wall can burn out. In additlon, solid
and resinous particles can clog the openings in the chamber injec-
tors, which 1s not permissible.

With overheating of certain propellant components (H202, N204’
UDMH) used ac coolants, effects equivalent to exploslons can occur.

3. For LPRE's operating in the schéme "liquid-1liquid," the
temperature of the coolant coming from the cooling loop to the
chamber injectors should not exceed the boiling point of the cool-
ant, 1.e.,

r.t < Tm-

where Tuun must be taken for the bressure of the coolant at the exit

from the cooling loop. !

If the condition Tox < Taun is not observed, the coolant enters
the 3. jJectors as a vapor or emulsion. In this case the operating
' regime for injJjectors designed to atomize the liquid is abruptly cur- ,
talled, and the chamber can explode. In addition, the removal of
heat is sharply reduced from those sections of the chamber walls to
be cooled by vaporized coolant, and they can burn out.

4, The velocity of the coolant must not be too high. As it
increases, heat-transfer coefficlent %.n increases and temperature
T, . decreases [see equation (11.17)], but there 1s a simultaneous
increase in the required power of the system for feeding the pro-
pellant components to the chamber and, consequently, in the mass

of this system.

g
2
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5. The chamber coollng loop should be practical to produce,
i.e., its dimensions and shape should be such that no great diffi-
culties arise in serial manufacture of the chambers.

§11.7. The influence of various factors on the heat flux from the
combustion products to the wall

The temperature of the combustion producte has a substantial

influence on the values of Qyom. i and d,, causing them to increase ;
as it increases, which is evident from equations (11.2) and (11.8).

The tendency of the temperature of combustion products to rise in : é
the LPRE chamber is due to the use of more efficient propellants ?

(with high heaving capacity) to obtain high specific impulse. An

P increase in speciflie impulse causes a. lowering of the required

flow of propellant components, bringing about additional difficulties
when cooling the chamber, since the coolant i1s one of the propel-
lant components.

The coefficient W influences the heat fluxes through the tem-
perature of the combustion products and, in part, through their
composition. With an increase in the deviation of coefficient n
from the stoichiometric value, the heat fluxes from the combustion
chamber to the walls are reduced.

The values of Qo .4 and q, are greatly influenced by the
pressure p . The dependence of heat flux Q,on.n OD Dressure p,
c.n be shown using the critical section as an example; for it, in
accordance with equation (11.5),

08
m

Cynap™= Byo a0 .
L g

Substituting into this equation the value of m from equation
(4.14) and considering the relationship pr = ndﬁp/u, after certain
transformations we get

L] “ ;
aunu.nup=Bl"p6;':'§z'° (11.18) 3 ‘

! |
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As can be seen from equation (11.18), the value of oM H. Kp
and, consequently, the value of Yon.n Kp increase with a rise in
pressure p, to the 0.8 power.

The value of q, also Iincreases with increasing pressure Py in
connection with a rise in the partial pressures Pso, and Py,0 which
determine radiation heat transfer. The greater the heat fluxes to
the chamber walls, the higher the temperature of the coolant flowing
along the cooling loop. Consequently, a transition to higher pres-
sures 1in the combustion chamber causes increased difficulties in
cooling the chamber. Thils dependence holds for a fixed coolant flow
rate, since the examined increase in Py is achleved by decreasing
the area of the critical section, not by increasing the flow rate
of the propellant components (and, consequently, the coolant flow).

The influence of the total heatfluz qp oK thgitemperature of
the heated surface of the chamber wall Tn.n can be estimated on the
basis of equation (11.14). With increasing qy the temperature T, _
drops, and vice versa; in the limiting case, when q; = 0 (1.e., with
no heat flux through the wall), temperature Tn.n becomes equal to
the temperature of the combustlion products T Consequently,

raa.s’
with an increase in dg, temperature TH n drops, 1f we consider the
temperature of the combustion products Tras g 28 constant.

The influence of the rated chamber thrust on its cooling in-

" volves the fact that with a drop in thrust there is a directly

proportional decrease in flow rate of the propellant components
and, consequently, of the coolant. The chamber surface area to be
cooled decreases to a lesser extent. Therefore, it is extremely
éifficult to create high-efficliency LPRE's having a thrust of less
than 500 N [=50 kgf] and cooled using a coolant (particularly with
prolonged engine operation).

The engine operating regime influences chamber cooling for the
reason that a reduction in chamber thrust is achieved by reducing
the flow rate of the propellant components (and, consequently, of

kg

¥
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the coolant); here there is.a significant reduction in P, and Qon.u*
Consequently, with a drop in P, there 1s a simultaneous decrease in

m__ and q

ox KOH.H"®

In accordance with equations (11.18) and (4.14),
ql:l.l ~p2" and ;"o-x ~ P

ir.e., with a drop in pressure Py the coolant flow 1s reduced.to a
greater extent than 1s the convection heat flux. 1In addition, with
a decrease in coolant flow there is a reduction in the veloclity of
the cnolant 1in the cooling loop and a drop in coefficient @ q
Therefore, with a reduction in engine thrust, temperatures TH.n and
T, . increase in accordance with equations (11.15) and (11.16).
Consequentiy, as the engine thrust is decreased, the difficulties
in cooling it increase. This is one of the essent!ul drawbacks of

chambers with external circulation cooling.

The influence of the parameters of the inner chamber wall
on its cooling

§11.8.

The influence of the temperature of the heated chamber wall
.urface TH.n on the cooling regime. The permissible temperature
TH.n is determined by the heat resistance of the material of the
inner chamber wall. The greater the temperature Tn.n that can be
allowed, the lower the total heat flux a5 at the same temperature
Tas. s [cee equation (11.14)]; here the required value of the coef-
ficlent @0 decreases.

In §11.7 it was shown that 1f we set Tu.n = Traa_a, then q; =
= 0, i.e., there is no need for cooling the chamber walls. However,
is high for most LPRE's (Tras.a = 2800-4000°K).
Therefore, temperature TH.n must be lowered, removing heat fluxes
from the chamber wall. Equallty of the temperatures of the combus-

tion products and the wall can be achieved only for the chamber of

temperature Traa.a

monopropellant LFRE's.
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The influence of the coafficient of thermal conductivity of the
inner chanber wall materisl A on the cooling regime. As the coef=-
ficlent A increases, the temperature difference T - To n de-
creases, with fixed parameters of the combustion products and the
coolant. If the cooiant parameters are unchanged, with an lncrease
in coefficient Acr the temperature Tu.n drops; this has some in-
fluence on temperature To.n‘ This influence is explalned by the
fact that with a drop in temperature TH.n’ there is adlight increase
in heat fluxes Quon.y 3nd q, which leads to a rise in coolant tem-
perature; this latter, in accordance with equation (11.16), leads to
a rise in temperature To.n.
If we compare two inner chamber wall materials, where ACTZ >

> A the following relationships are valid:

crl’?

Tu.»: < fu.m and ?‘o.u=> Tn.al- !

The higher the coefficlent Acr’ the 1ess the slope of the line

of temperature distribution throughout the inner wull arnd the 1lowar
the temperature TH.n for given temperature To.n’ Therefore, for the
inner chamber wall it is advisable to select materials with as high

a coefficient of thermal conductivity AcT as possible., However,

the following restrictions must be considered with using materlials

with high values of ACT

1. With an increase in coefficient ACT the temperature d4dif-
ference TH.ﬂ - To.n decreases, which increases the danger of over-
heating of the cooled inner wall surface. Therefore, in a number
of cases this temperature difference must be artifically lncreased;
this 1s done, as will be shown below, by increasing the thickness

GCT of the inner wall.

2. Usually, materials with higher Acr have lower heat resis-
tance, i.e., for them it 1s necessary to select lower temperatures
Tu.n’ in connection with which the difficulties in cooling the
chamber increase.
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Let us explain this influence, using as our example chambers
with steel and copper walls.

The permissible temperature for copper (575°K) and bronze
(1075°K) is lower than for stainless steel (1lU475°K). Therefore,
when using a copper or bronze wall at ldentlcal temperature Traa.a’
the total heat flux a5 increases, l.e., a greater quantity of heat
must be removed from the wall to the coolant. The required value
of %0 for a copper wall 1s approximately 2.0-2.5 times greater
than for a wall of stainless steel (for identical wall thickness)

(71.

Let us write equation (11.10) in the following form:
- (11.19)
q’ ‘" .

As can be seen from equation (11.19), with identical thickness
6cr the wall can pass a greater heat flg}, the larger the product
ACTAT. Calculations show that with identical thickness, a wall of
copper or bronze is capable of passing 2.5-3.0 times greater heat
fluxes than a wall of stailnless steel can., Therefore, with intense
cooling of a chamber with copper walls, an <.evated boundapy—layer

temperature is permitted.

The influence of chamber inner wall thickness Gcr on the cooling

. regime. A decrease in wall thickness GCT influences the heat trans-

fer in the same manner as an increase in the coefficient of thermal
conductivity ACT. In accordance with equation (11.19), with a de-
crease 1in thickness GCT there 18 an increase in the heat flux which
the wall can transmit with the identical temperature difference
Tin = Toune

The optimum value to which it 1s advisable to reduce the wall
thickness depends on the total heat flux Qg With increasing qy the
temperature TH.n drops. Therefore, in the region of the critical
section, in which the heat fluxes have maximum value, the wall is
made the thinnest, but it should assure the requibed chamber strength
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and be technologically feasible.

The influence of the temperature of the cooled wall surface
To.n on the cooling regime, With a decrease in total heat flux Qy
the temperature Tu.n rises, approaching the temperature Traa.a; the
value of To.n rises correspondingly with the value TH.n. But the
value of To.n is .imited by the coolant temperature. Temperature
To.n can exceed the coolant temperature only by some slight per-
missible value. Otherwise, decomposition or boiling of the coolant
can occur. Therefore, with low heat fluxes ay and high temperature
Tn.n’ the thickness of the wall must be increased to obtain the per-

missible temperature T0 n*

To exclude the possibility of the coolant's boiling on the
cooled surface of thr .-hamber inner wall, temperature To.n should
be below the boiling point of the coolant at the given pressure.

However, in most cases, for intensification of external cir-
culation cooling provisions are made for raising the temperature
To.n 10-55° above the boiling point of the coolant, which leads to
the coolant's starting to boil on the cooled wall surface, and the
formation of bubbles ("nucleate boiling"). Because of flow tur-
bulence of the coolant, the bubbles are removed to colder layers,
further away from the wall, where they condesnse. Therefore, with
nucleate boill ; the heat fluxes are removed more intensely from

' the wall to the coolant; with unchanged coolant velocity, the heat-

transfer coefficient % .n increases by a factor of two or more.

However, with a further rise in temperature To.n above the
boiling point of the coolant there is an abrupt increase in the
number of forming bubbles; they cannot be washed away by the coolant
and condense .a its colder layers, but join together, forming a con- ;
tinuous film of vapor on the wall surface ("film boiling"). 1In this ‘
case the heat-transfer coefficient %.n and the heat flux from the
wall to the coolant abruptly decrease (by a factor of 10 or more),

resulting in an inadmissible rise in temperatures TH

.0 and To.n and
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to burnout of the chamber wall.

§11.9. The influence of the type of coolant and the parameters of
external circulation cooling on the chamber cooling regime

For efflclent external circulation cooling of the chamber 1t is
necessary to select the optimum type of coolant, the optimum tem-
peratur - at the inlet to the cooling loop, and also the most suitable
shape for the cooling loop to assure the necessary distribution of
coolant velocity along the cooling loop.

The influence of the type of coolant on the cooling regime.
Analysis of equation (11.7) shows that the heat~transfer coefficient
%.n and, consequently, the cooling capacity of various fluids with
an identical cooling loop depend essentially on the type of coolant.
Given the coolant veloclity, and also technologically feasible dimen-
sions and shape for the cooling loop, for each type of coolant we
can determine a value of coefficient %.n called the avatilable
value; let us designate this as “o.n.pacn'

The required value of the coefficient, “o.n.norp’ can be de~
termined from equation (11.16), substituting in it the permissible
temperatures T0 n and TOx

Normal cooling is assured under the condition

@, n.;neu >a, a.n0mp°

To estimate the cooling properties of a coolant, significant
factors include the value of the specific heat of the coolant, the
temperature range of its liquid state, and also the percentage of
coolant in the propellant, defined by coefficlent n.

The temperature range for the 1liquid state of a coolant is de-
termined by the difference in temperatures Tuun - Tnn; the boiling
point must be taken for the pressure of the cooclant in the cooling
loop. The cooling ability of a coolant increases with an increase

in this temperature difference and the specific heat of the coolant.
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In a rocket vehicle, ohly the propellant components can be used
for external circulation cooling of the chamber. The flow of propel-
lant components (and, consequently, the coolant) i: restricted, and
besides, not all components have sufficlently good cooling properties.

Of all flulds, water has the best cooling power. The heat- 3
transfer coefficient %N of nitrogen tetroxide and nitric acid is
1.5-2.0 times lower, while that of kerosene and UDMH is three times |
lower, than that of water. Ordinarily, the coolan. for an LPRE
chamber is the fuel (kerosene, ammonia, UDMH, hydrogen, etc.), while
if the fuel does not guarantee the required cooling, the oxidizer is

used (e.g., nitric acid, nitrogen tetroxide, and hydrogen peroxide).

The advantage of usling the oxidizer as the coolant is that 1its
flow rate is usually 2-4 times that of the fuel, i.e., m = 2-4, How-
ever, if the oxildizer 1s used as the coolant, the material of the
inner wall should be stable in an oxidizing medium at elevated tem-
peratures.

The influence of coolant temperature on the cooling regime.
Analysis of equation (11.17) shows that with decreasing coolant
temperature, the temperature of the heated surface of the inner
wall TH'n also drops; this, as shown in §11.8, 1s desirable, de-
spite a slight increase in the total heat flux Qg . i

The coolant temperature can be lowered by reducing the value
of qg (see §11.11)., It can be supercooled to a temperature below
that of the ambient medium, using a special system included in the
launcher. '

The influence of coolant velocity on the cooling regime. The
coolant velocity wDx determines, to a considerable extent, the heat-
transfer coefficient % .n [see equation (11.7)] and, consequently,
the heat transfer from the cooled wall surface to the coolant. In
accordance with equation (11.3), with an increase in coefficient

%.n° the value of g also increases, but temperatures To and TH

n o1
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are lowered (see §11.8).

The velocity of the coolant in the chamber cooling loop can be
increased by ralsing its per-second flow rate ﬁox with ro.r = const
or by decreasing the area of the throughput section of the cooling
loop fD.T with ﬁox = const. Area f 1s decreased by selecting

0.T
the aporopriate dimensions and shape of the cooling loop (see §11.11).

With an increase in coolant velocity there is an increase in
the hydraulic resistance of the cooling loop ApO.T, which 1is un-
desirable. Usu-lly, the value of 8p, . 1s 5-20 bars [~5-20 kgf/cm2].
Therefore, it is important to select the optimum coolawut velocity
WOx in various sectlons of the cooling loop. The heat fluxes have
maximum value in the critical section, and veloclity wox liere should

be maximum; it can reach 50-60 m/s.

The influence of the area of the cooled surface on the cooling
regime. If we disregard the thickness of the inner wall 6cr’ then
for the simplest shape of the cooling loop (an annular slot between
the ¢ iter and inner walls of the chamber) the area of the heated
surface of the inner wall Fn.n is equal to the area of its cooled
surface Fo.n, i.e., FH.n = Fo_n.

Cooling efficiency can be increased when Fo.n > Fn.n’ which is
assured when there are some type of ribs on the cooled surface of

the inner wall [T7].

In a steady-state coollng regime the value of the heat flux,
equal to the sum Q + Qn’ is time constant. Therefore, when

KOH.H
FO.n >F‘H.n we have the inequalilty %.n < Q.00 where Q,.p %9
® Qom.n + e

A deérease in the valu. of g
fined by the relationship

H.n 88 compared with . n i1s de-~

Gu.n == Fon

Qo.n Fre
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By using ribbing on tne co&led surface of the inner wall we can in-
crease the area Fo.n a factor of 1.4-1.8 and more as compared with
the area Fn.n5 there 13 an identical decrease in the required value :
of the heat-transfer coefficient e, 8s compared with % .n for the

simplest shaped cooling loop (without ribbing).
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§11.10. Calculating ccolant heating in the chaﬁber cooling loop

As the coolant moves along the chamber coollng loop it con- 3
tinually absorbs the heat fluxes, so that its temperature contin-
ually increases along the loop and reaches its maximum value before
entering tne chamber head. Depending on the chamber dimensions and
the heating capaclty of th- propellant, the cooling temperature in
the cooling loop 1s raised by 100-300°.

The heating of the coolant in each section of the loop is de-
fined by the equation

Toz.mx”‘ ox.u+ATox' ( 11.20 )

The value of ATox 1s calculated as follows. The quantity of 1
heat absorbed by the coolant in the 1-th section of the chamber is

Qi=4uf,

where ay is the total specific heat flux in the i-th section, de- |
i

fined by the graph q; = f£(1) (see Fig. 11l.1), which should be con-

structed ahead of time based on results of calculating the heat I {
fluxes to the wall; F, is the surface of the wall of the i-th sec- §
. tion, through which che heat flux 1s transmitted to the coolant. § r

If in the 1-th section of the chambes the temperature of the
coolant, with heat capacity Cox at flow rate &ox’ incereases by AToxi’ %
the heat flux absorbed by the coolant in the given section can be
written as follows:

Ql='hox“o:ATMl' (11.21)

Consequentliy,

o
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AT, =T (11.22)

MaxCox

The heat capacity of the coolant Cox is a function of its tem-
perature, which changes along the cooling loop. Therefore, the
heating in each section is calculated from the average temperature
of the coolant by the method of successlive approximations; in the
first approximation we assume that the coolant temperature along the
entire length of the given section 1is constant and equal to its tem-
perature at the inlet to the glven section.

The temperature of the coolant at the exit from the cooling loop
is

nn
zollcozl

fasl
Toxmux=Tozx.ax + =

Temperature ’I‘ox BHX in most cases should not exceed the boiling
point of the coolant; the latter, as already indicated, should be
selected for the pressure of the coolant at the exit from the loop.

On the basis of equation (11.21), the maximum heat-absorption
capacity of the coolant is

Qmu=".'ex“ o:(rux.;n"‘ Tox.wn)- (11.2 3)

Examination of (11.23) lets us indicate the following ways for
increasing the heat-absorption capacity of the coolant:

a) lower the temperature Tox Hay? i.e., use a coolant in the
supercooled state;

b) use both propellant compdnents as the coolant.

In a number of cases, with insufficient heat-absorption capa-
city of the coolant we seek ways of lowering the heat fluxes to the

Ly}
chamber walls, i.e., reduce the value of 3 Qcuy
lay -

m\.;«:.;:_‘,%;w.
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§11.11. Structural features of chamber cooling systems

PR I

In the previous sections we examined basically external cir-
culation cooling. Using this coollng method, the heat fluxes are :
renoved from the chamber walls using a coolant flowing through a 3
cooling loop of some shape or other. After leaving the loop the :

coolant (propellant component) passes through the chamber head into
the combustion chamber.

External circulation cooling is also called regenerative
[elosed-eyele] cooling, since practically all the heat entering
the inner wall and remcved from 1t by the coolant 1s returned to
the combustion chamber and efficiently used (regenerated). In ad-
dition, preheating of the propellant component facilitates its
more rapld evaporation and more complete combustion in the chamber.

External circulation cooling 1s only comparatively rarely used
in its pure form. Usually the chamber as a whole, or at least some
part of it, 1s additionally cooled by some other method. Such
cooling is called combination (hybrid) cooling.

As an example, we have cooling of the maln part of the chamber

by external circulation cooling, while the nozzle tip 1is cooled by !
radiation. ‘

Y
" Design of the chamber cooling loops

The efficlency of external clrculation cooling depends essen-
tially on the dimensions and shape of the cooling loop; these should

assure the required values for coolant veloclity and heat-transfer
coefficlient % .0 along the loop.

We distingulsh two types of cooling loops:

a) a smooth annular cooling loop in which the outer and inner
walls of the chamber are not connected along the chamber;

b) a cooling loop with ribbing (fins), in which the outer and
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inner walls of the chamber are connected
Y by some type of fins along the entire
chamber.

_ A smooth annular cooling loop (Fig.
Fig. 11.4. Chamber with smooth 11.4) is of simple design and has low
annular cooling loop (§ - height

of the cooling-loop channel). hydraulic resistance. Such a loop can
be used for low pressures and rather

nigh coolant flow rates.

Cooling loopes with ribbing are very efficlent. Loops with
ribbing and axial movement of the coolant include the following:

a) a loop with longitudinal fins;
b) a loop with a spacer having longitudinal corrugations;

c) a loop made of longitudinal pipes, welded together on thelr
sides.

Loops with ribbing and helical movement of the coolant include
those with helical fins and those formed by helical pipes.

If the inner and outer walls are interconnected, the outer wall
is relieved of much of its load. Chambers with such a cooling loop
are strong and rigid, which makes it posslible to use thin walls with
relatively high pressure in the cooling loop. It 1s easier to assure
high coolant velocity in ribbed loops than in smooth annular loops.

In §11.9 it was shown that fins increase the heat-transfer coef-
ficient ®g.n° Channels (longitudinal or helical) distribute the
coolant more uniformly across the loop. Therefore, ribbed cooling
loops are widely used in LPRE chambers, despite thelr design com-
plexity.

Loops with longitudinal fins (Fig. 11.5a) are made by milling
the longitudinal fins on the outer surface of the inner chamber
wall and then connecting the tops of the fins to the outer wall

60

o UL A L I s i, Anai ot

B e Rve e A e i

e —.




by seam welding or
brazing.

q‘i - qﬂ
=
> "1 LTI
a) [ 3 b)
“ 7 12
1 )

Pig. 11.5. Chambers with milled longitudinal channels (a)

and corvugated spacer (b).

inserted into the annular space between them.

rugations are brazed to the walls.

The loop with

a corrugated epacer

(Fig. 11.5b) consists

of the outer and in-

ner walls, with a

spacer and longi-

tudinal corrugations
The tops of the cor-

The corrugated spacer makes it

possible to separate the coolant flow into two flows, thus increasing

the veloeclity of the coolant.

In addition, in thls case the collector

for the coolant (fuel) 1is located not at the nozzle tip but approxi-
mately in the middle of the expanding part oi the nozzle, which de-
creases the length of the line feeding the fuel to the chamber. 1In
such a ccoling loop a small portion of tb» coolant (20-30%) flows
along the channels formed by the spacer and the outer chamber wall,
up to the outlet zection, and then along the channels formed by the

spacevr and the inner wall, toward the critical section.

The main

portion »f the flow passes ilmmedlately to the critlical section along

the channels formed by the spacer and the outer wall.

Both flows

converge in a special collector at the inlet to the critical section
and then uniformly enter the channels between the spacer:and the
outer wall, and also between the spacer and the inner wall.

Loope made of longitudinal pipes
(Fig. 11.6) are a version of the ribbed
cooling loop. The most widely used
shape of the pipe cross section is rec-
tangular or trapezoidal with rounded
edges. The pipes are shaped around
the chamber profile. The pipes have
differing widths and cross-sectional
areas.
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The ends of the pipes are welded into collectors for feeding
and removing the coolant. One of the advantages of the pipe chamber
is the possibility of introducing the ccolant into the loop and re-
moving the coolant from it at the same end. 1In such a chamber the
feed and discharge collectors are located at the chamber head. The
coolant makes two passes: in each neighboring pair of pipes the
coolant passes along one pipe from the head to the nozzle, and in
the other »ipe ~ in the opposite direction.

The longitudinal walls of the plpes are brazed together,
forming the chamber wall.

To increase the strength of pipe chambers, several shrouds
(reinforcing rings) are positioned along them, or the chamber is
wound wlth bands or wires of steel or high~strength alloys, or

T ——

fiberglass.
& Pipe :hambers are very strong and rigld with relatively small
mass; they can be rellably cooled as a result of the ribbing and

the thin walls. In chambers with ribs or corrugated spacers the
solder can flow into the channels and clog

Af | - them, while in pipe chambers this drawback
| . {I| 1s eliminated because of the location of
.2 the welded seams outside the coolant channels.
3
@ ’ Loope with helical channels (Fig. 11.7)

Fig. 11.7. Chamber with & cooling  8r'€ used in cases when loops with longitud-
109P haviig nelical channels. inal channels do not assure the required
heat-transfer coefficient ®o.n The helical channel can be single-
or multiple-entry. The effect of using helical channels is that for
identical values of channel height and coolant flow rate, the velocity
is greater than that in a longitudinal channel; this difference in-
creases with a decrease in the number of entries. In addition, the
surface of the fins in a loop with helical channels is also larger
"han in a loop with longitudinal channels, which increases the
efficiency of cooling even more.
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However, the cooling lbop with helical channels is character-
ized by high hydraulic resistance and complications in making the
channels, particularly in chamber sections with variable cross sec-
t;on. Therefore, such cooling loops are used on only the most

thermally-strz2ssed parts of the chamber, mainly the region of the
eritical section.

Chambers with helical plpes have not been widely accepted be-
cause of the considerable hydraullc resistance and the difficulty

of assuring a smooth contour of the inner surface (along the genera-
trix of the chamber).

Methods of reducing heat fluxes to the chamber wall

Heat fluxes from the combustion products to the chamber wall
can be reduced by using internal cooling or a layer of heat-insula-
ting material coated onto the inner surface of the chamber wall.

Internal cooling. Cooling in which the coolant 1s introduced
into the chamber and creates a boundary layer of gas with reduced
temperature 1s called internal, or film, cooling.

For the required lowering of the boundary-layer temperature,
the flow rate of the fed fuel 1s less than the required oxidizer

K ”,a;___“\\ flow. This can be explained by the greater
500 //! steepness of the curve of the function Traa =
o ] = f(aOK) in the region a, < 1 than in the re-
S0 gion o > 1 (Fig. 11.8). 1In addition, the
working conditions of a heated surface of
05 08 W W 14 ag

. the chamber wall are better in a reducing
Pig. 11.8, Dependence of teme

perature of the comt-stion than an oxidizing medium.
products of the prupellant

Oa + kerosene on the coeffi-
olent L.

The coolant used for internal cooling
should have high heat capaclty in the liquid and gaseous states,
and also high values of the bolling point, the heat of evaporation,
and dissociation.
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The efficiency of internal cooling increases if only gaseous
products with low molecular mass are formed upon decomposition of
the coolant. A number of fuels (HZ’ NH3, MMH, and others) satisfy
this requirement to a considerable extent. The chemical energy of
the propellant component that is excess in the boundary layer is
not completely used. Therefore, internal cooling decreases the
specific impulse of the chamber to a certain extent.

The coolant used for internal cooling (the fuel) is fed ontc
the heated surface of the chamber wall by the following methods:

a) through auxiliary fuel injectors located on the periphery
of the chamber head; b) through screen bands; and ¢) through bands
of porous inserts.

The first method is the simplest, designwise; it is usually
used in combination with the second method (with the screen band).
This 1is explained by the fact that the boundary layer with excess
coolant 1s displaced, as it moves from the head to the nozzle, with
the combustion products.

Usually, there are no more than three screen bands; they are
positioned ahead of the thermally-stressed sections of the chamber,
primarily at the nozzle inlet and ahead
of the eritical section.

The screen bands consist of a number
of fine and, for the most part, tangential
(to the chamber cylinder) openings located

"e. 1.1.9. Dhagrams of cootant dnput about the periphery in a given section ?f

B e e T eth the baad of~ the chamber, or an annular slot (Fig. 11.9).
openings ia the iamer walli b -

through the slotted screea band; ¢ ~

through epenings im ths screeam ring.

Bt A e tottecers s - The coolant is fed to the ovenings of
ssraen openinge. the bands directly from the cooling loop

or the collector, to which special lines are fed (see Fig. 11.9).

In the latter case, the screen ring has two groups of openings
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staggered about the periphefy. The coolant is fed into t.ae chamber
through the radial (or tangential) openings, those of the screen
band. Axial openings (in Fig. 11.9c the dashed line shows one such
opening) assure coolant flow along the cooling loop through the
screen ring.

Low~thrust LPRE chambers (50-5000 N [%5-500 kgf]), including
those with multiple ignition, can also be cooled by internal cool-
ing (without external circulation cooling). The cooling efficiency 1
depends on the prouperties of the propellant components (particularly !
the component used as the coolant), and also on the heat resistance
of the chamber wall material. The lower the temperature of the com-
bustion products, the more efficient the coolant and the lower the
required coolant flow rate and 1ts assoclated losses in specific
impulse.

The terminal section of the nozzle of the chamber of certain
LPRE's (e.g., the F~1) is cooled by the working fluid of the tur-
bine, which is introduced into the nozzle through a collector which
is far enough away from the outlet section of the nozzle to assure
that the pressure of the working fluid will be greaters than that of
the combustion products in the given nozzle section. Gas 1s fed
from the collector to the nozzle through several slotted screen
bands or bands with tangential openings (tangential gas feed in-
creas2s cooling efficiency).

With screen cooling, the terminal section of the nozzle can be
made of ordinary stalnless steel, including those for LPRE's with
multiple ignition and a considerable total operating time. A cer-
tain disadvantage of such cooling i1s the need for raising the pres- ,
sure at the turbine exit, which reduces the power developed by it
(zee §13.13).

i The coolant can be fed into the chamber through & -:411 made of
a porous material. In this case the coolant, unde- ;. .,sure, con-
tinuously enters the numerous fine pores uniforml: “. tributed
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throughout the wall and creétes, on the heated wall surface, a layer
of liquid or vaporized coolant. Such cooling is called porous.

The difficulties in creating a chamber with porous cooling are
explained by the complexities in obtaining uniform wall porosity,
the low strength of porous materials, and the possibility that the
pores will become clogged during engine operation. Therefore, it
is advisable tu use such cooling only for chambers that have high
thermal stresses.

Coating a Layer of heat-insulating matenial on the inner sun-
dace 04§ the chamber. The effect created by using a layer of heat-
insulating material as a supplement to external circulation cooling
is as follows. If the heat-insulating materials have a high melting
point, there can be high heating of the surface of its layer in con~
tact with the combustion products, which decreases the heat fluxes
to the wall and heating of the coolant in the cooling loop. In
addition, because of the low coefficient of thermal conductivity,
the temperature of the layer of heat-insulating material drops ab-
ruptly with thickness. Therefore, the temperature of the wall sur-
face onto which this layer 1s coated is noticeably lower than that
of a chamber without heat insulation (Fig. 11.10).

Heat-insulating materials
include the oxides of refractory
metals (zirconium dioxide Zro,,
magnesium oxide MgO, aluminum
oxide A1203) and their carbides,
molybdenum disulfide MoSia, ete.

Trars

Fig. 11.10. Graphs of the distribution

of temperature throughout the wall of a The thickness of a layer of
chamber with and without a layer of ther-

mal insulation. such materials, applied most often
! [ by the method of plasma spraying,
is 0.3~0.6 mm. For better adhesion of the layer to the chamber sur-
face, the surface 1s first coated with a sublayer of chromium or
nickel up to 0.1 mm thick.
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in the formation of gaseous and solid products which create a boundary

Heat-insulating coatings of zirconium dioxide and molybdenum
disulfide are the ones that have been best developed.

The heat-insulating layer operates under severe conditions.
Therefore, 1t 1s very difficult to create a chamber with a layer of
heat insulation; cracks and pitting often occur in a number of
sections of such a layer. Coating a layer of heat insulation onto

the inner surface of the chamber compliqates i1ts manufacture and
increases its cost and mass.

Other methods of .cooling chamber walls

Let us examine ablation and radiation cooling of the terminal
section of a nnzzle or of the entire chamber. 3

AbLation coofing. Ablation cooling is the name given to cooling

accomplished by a layer of material coated onto the inner surface of

the chamber and subjJected to so-called ablation Quring chamber oper-

ation. Ablation 1s a complex group of processes occurring with the

absorption of heat and leading to destruction of the surface layer.
Such processes include those with phase conversions (melting, vapor-
ization, sublimation) and decomposition processes; the heat expended

on these processes is called the heat of ablation. Ablation results

layer with reduced temperature and are carried off by the flow of the

combustion products. Therefore, the thickness of the layer of mater-

i1al coated onto the wall continually decreases during chamber oper-
ation.

Material subjected tc ablation is called ablating (or disinte-
grating) material.,

The heat fluxesa entering the layer of ablating material are
used basically to suppcert ablation, so that the heat flux that passes

through “he layer of ablating material is not great. A relatively
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low temperature (several hundreds of degrees), depending on the
cuemposition of the ablating material, is established on the surface
of this layer.

B

The ablating material can be fibers or fabric made of silicon
oxide, graphite, carbon, asbestos, or quartz impregnated with
phenolic resin. Chambers with ablation cooling have a number of
advantages over chambers with external circulation cooling, including

kbl B2

a) the absence of a cooling loop, which simplifies chamber de-
sign, lowers the hydraulic losses in the line of one of the propel-
lant components, and reduces the possibility of its freezing in outer
space;

b) the permissibility of a substantially greater change in coef-
ficient n, the temperature of the propellant components, and the pres-
sure of the combustion products (and, consequently, chamber thrust)
under reliable cooling conditions.

However, chambers with ablation cooling have the following in-
herent and substantial drawbacks:

a) limitation on the value of specific impulse; as it increases
the thickness (and, consequently, the mass) of the layer of ablating |
material should be increased;

b) limitation on the englne operating time; a thick layer of : {
ablating material is required for prolonged engine operation;

¢) the need for considering an increase in nozzle cross-sece-
tional area (particularly the throat) caused by decreased thickness
of the layer of ablating material.

_Ablation cooling 1s mainly used for chambers with low thrust

and pressure Py

' Radiation cooling. With radiation cooling, the heat from the
) chamber walls 1is removed to the ambient space by radiation. The
heat fluxes passing through the wall of such a chamber and radiated
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into ambient space are compératively low. Therefore, in accordance :
with equation (11.14), the wall can have a rather high temperature ]
(up to 1800°K and higher).

Chambers with radi~'fon cooling are characterized by long (up
to 60 seconds and longer) periods of operation in the nonsteady-state
cooling regime. At the end of this period, equilibrium temperature

of the wall is established, since the heat fluxes entering the wall
and removed from 1t are equal.

The use of radiation cooling in a number of cases makes it pos-
sible to substantially decrease the mass of the chamber (compared
not only with other chambers but also with a chamber having ablation
cooling), particularly with prolonged engine operation time.

Disadvantages of radlation cooling include the need for using
expensive refractory alloys from which it is difficult to make
parts. In addition, these alloys are brittle and chemlcally are not
very stable to combustion products. To prevent oxidation of such
alloys by the combustion products, the inner wall of the chamber 1s
coated with a special covering; e.g., a wall of niobium alloy is
coated with a layer of organosilicon compounds. i

In a number of cases, the coating not only protects the wall
surface against oxidation but increases its radlating capacity,
which makes 1t possible to additionally lower the wall temperature.
Such properties are exhibited, in particular, by a layer of aluminum
oxide coated onto the surface of a nickel-alloy wall.

Uncooled chambens with massive walls. Normal chamber operating
conditions can be assured by utilizing the heat capacity of the wall {
material. If the chamber wall has great mass and 1lts materisl has
high heat capacity and thermal conductivity, the wall can absorb
heat fluxes distributed over the entire mass until the temperature
of the wall reaches the maximum value allowed for the glven material.
Such chambers (they are also called uncooled, or cooled using "sponge”
cooling) are used mainly in bench-tes. LPRE's.
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CHAPTER XI1I

T THE C{AMBERS OF LI~'JID-PROPELLANT ROCKET ENGINES -

§12.1., The general characteristics of chambers

The LPRE chamber is its basic and most thermally-stressed unit;
to a considerable extent it determines the development and reliability
1 of the engine and the power plant as a whole.

The chamber of an LPRE operating on the scheme "liquid-liquigd"
consists of a head, a combustion chamber, and a nozzle.

The head éhould introduce the propellant components into the
chamber such that the chemical reactions of their interaction occur *
completely and within a short period of time.

Vaporization, blending of the propellant components, and their
combustion (decomposition) occur in the combustion (decomposition)
chamber. The volume of the combustion chamber should be as small as
possible, but sufficient to assure complete combustion of the pro-
pellant components before entering the nozzle. The combustion-
chamber volume is measured from the inside (fire plate) of the head
to the critical section. The length of the combustion chamber also
infiuences the completeness of burning cf the propellant cocmponents,
F but to a lesser extent than does the volume.
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The nosale accelerates the combustion products up to maximum
velocity to produce high chamber specific impulse.

The most widely used type of chamber for bipropellant LPRE's
operating on the scheme "liquid-liquid" is a cylindrical chamber
with a cooling loop and a head having three
faces (Fig. 12.1). The oxidizer is fed through
inlet pipe 1 to cavity a between the outside of
the head 2 and the head midsection 3; from here

1t goes through injectors 11 into the combustion
chamber.

The fuel passes through inlet pipes ¢

(there are usually two of them) into collector

8 which is usually positioned some distance

away from the nozzle outlet section (see §11.11).
Flowing along the collector, the fuel enters
cooling loop ¢ formed by outer wall 5 and inner
wall 6 of the chamber. The fuel flow is divided
into two parts: the main portion is fed to the '

Pig. 12.1. Diagram of a
eylindrical chamber with
a cooling loop: I — headg
It ~ combustion chasber}
111 — sossle; 1 ~ exidiser
talet pips; 2 — eutside of
Sead; 3 ~ sidasction of
hoad; & — inside (fire
plate) of hesd; 3 — eutar

wall; 6 - &{naer vall; 7 -
fuel inlet pipe; 6 — fuel
1nput collector; 9 — fusl
swival collectors 10 ~ fuel
injector; 11 — oxidizer in-
jeater.

chamber head, while the remainder goes to swivel
collector 9 at the end of the nozzle; the col-
lector turns, and the fuel is fed along the ap-

propriate channels, also to the head. From the
cooling loop the fuel is fed to cavity b beitween head midsection 3
and fire plate 4, and from this cavity it goes through injectors 10
into the combustion chamber.

The chamber of LPRE's operating on the scheme "gas-liquid" and
"gas-gas" consists of a head, an afterburner (in some cases a com-

. bustion chamber), and nozzle. i

1

* As was shown in §9.1, for the scheme "gas-1liquid" the after- i
burner is fed generator gas and the liquid propellant component, 1

while for the scheme "gas-gas" it 1s fed the reducing and oxidizing i

' gases from the liquid gasifier. ]
4 7]_ ‘§
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When designing and building a chamber, the following are the }
main considerations: f
a) high reliability;
b) high specitic impulse;
¢) low mass with sufficient strength;
d) small size, particularly length, since the length of the
chamber determines the length of the engine as a whole.
LPRE chambers differ from one another 1in the shape of the com- .
bustion chamber, the type of head and the injectors used in 1t, the
type of nozzle (see Chapter VI), the method of cooling (see Chapter .
IX), and otheér features.
§12.2, Shapes of the combustion chamber (afterburner)
Combustion chambers (afterburners) are divided by geometric §
shape into cylindrical, shaped, spherical, and annular (Fig. 12.2). %
:}—GB-G g> f
]
Pig. 12.2, Combustion chamber shapes: a = cylindrieal; i
b ~ semi~thegmal nozszle; c — in the fors of & shaped :
convergent saction; 4 — sphericsl; ¢ ~ snnular cylimd- i
tical, with central body; f - anzular toroidal, with i
central body. s
Cylindrical combustion chambers 2
(Fig. 12.3) are the most widely used i
for engines having the most diverse .
thrusts. They are simple to design f
and uncomplicated to manufacture. The 1
constancy of the cross-sectional area %
along such chambers makes it possible ) !
to organize efficient combustion of %fio-}zag“mgﬁﬁm?‘;ﬁg"’r the %
1
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the propellant components; in particular, the formation of stagnation
zones, in which combustion does not occur, is eliminated. The rela~
tively small outside diameter of cylindrical combustion chambers
facilitates thelr use in multichamber LPRE's or in power plants con-
sisting of several single-chamber engines.

The drawbacks of cylindrical chambers as compared with spherical
ones are as follows:

a) reduced strength characteristics, forecing an increase in wall
thickness;

b) greater hydraulic resistance of the cooling loop;

e) increased wall surface which must be cooled.

Two types of chambers can be distingulshed: pressure and vel-
ocity. Pressure chambers are those in which the pressure of the com-
bustion products remains approximately constant along the chamber;

the ratio of the cross-s:ctional area to that of the critical section
for such chambers fu/fup > 3.

This ratio is called the relative area cf the combustion chamber
and is designated by ?K, i.e.,

7.=f:—- (12.1)

Chambers with ?R < 3 are called veloeity chambers. They have
so-called thermal resistance: the gas stagnation pressure at the
end of such combustion chambers is less than at the beglinning; this
effect 1s caused by the feeding of heat to the gas flow moving in a
cylindrical tube [28]. With a decrease in TK, the velocity of the
gas and the thermal resistance of the chamber increase, resulting
in a corresponding decrease 1in its specific impulse. In addition,
with an increase in the veloclty of the combustion products there
are increased pressure losses due to friction with movement in the
combustion chamber. Therefore, to assure identical pressure of the
combustion products at the nozzle inlet, with a decrease in ?K there
must be a corresponding increase in the pressure at which the com-
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ponents are fed to the combustion chamber.

Limited use 1is made of cylindrical combtustion chambers in which
! the valiue of ?H is equal to one (see Fig. 12.2b); these are called

gemi-thermal nossles.

As LPRE's are improved, the pressure Py, is raised, chamber
cooling and head design are improved and the outside diameter 1s
simultaneously decreased, and new propellant components and struc-
tural materials are used. This entails a decrease in chamber volume
and an increase in nozzle size.

r Some use 1is made of shaped convergent combustion chambers, in
) which there 1s simultaneous comuustion of the propellant components
and acceleration of the combustion products to critical velocity
(see Fig. 12.2¢).

Spherical combustion chambers (see Fig. 12.2d) have the least
) surface for a given volume, which facllitates chamber cooling and
aliows its mass to be decreased, also as a result of thinner re-
quired thickness of the walls. However, in such combustion chambers
it 1= most difficult tc assure uniform distribution of the flow
rate of the combustion products across the chamber, while stagnant
zones can form 1In cthe region of the head.

(4

Pear-shaped and elllptical combustion chambers can be used in
addition to spherical ones. The injectors for such chambers are lo-
cated on a flat plate or in precombustion chambers, which makes it
possible to increase the injector-placement surface.

Because of the relative complexity of design and the technology
of manufacturing spherical combustion chambers, and the fact that
they have no appreclable advantages over cylindrical ones, spherical
chambers have been used only to a limited extent in LPRE's.

* Annular combustion chambers are shaped like rings (Fig. 12.2e)
| or tecruses (Fig. 12.2f).
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Annular combustion chambers together with an external-expansion
nozzle (or a nozzle with a central body) have a number of substantial
advantages over the ordinary chambers The basic ones are examlned
in Chapter VI. Other advantages 1inci. de convenience in positioning
the units of the propellant-component feed system inside the central
body of the chamber and the possibllity of creating forces to control
the flight of the rocket vehicle (with sectional design of the com-
bustion chamber).

Maximum efficliency for LPRE's with annular combustion chambers
is assured by thelr oneration on high-energy propellants (mainly
O2 + H2 or F2 + H2).

§12.3. Injectors

The liquild propellant components are fed into the combustion
chamber through injectors which atomize the propellant cmponents
with a significant increase in the surface of the drops.

There are :wo basic types of injectors — jet and centrifugal.

Jet injectors are small preclsely-made upeni-gs ir the fire
plate of the head. Such injectors cah also be made as individual
ite.s and thea be welded to the head; in this case the injectors
are ¢ractically Jdeatical. '

Jet injectors opray the fluid in the form of parallel or im-
pinging jets (Fig. 12.4).

The outlet opening of the injector is called the nozale. The
fiuld jet emesrging from the nozzie is, at some distance from it, a
solid cone with small (5-20°) apex angle. The jet is broken down
into small drops as » result of friction ~f the jet against the com-
bustion prcducts and the transverse csci:l.tions arising in it.

The basic advantage of a hesad with Jet injectors is its relative
eimplicity eand high throughput.
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The throughput of a

N9 . head is the flow rate cf
the propellant components

% passing across a unit of

- 24 i surface of its rlate with

a glven pressure differ-
ential in the injector.
The Jet injector is smaller

e

Fig. 12.4. Flat inje-tor heads with jet injectors’ than the centrifugal one.

a — with parallel jets; b — with impinging jets;
¢ — with reflecting plates.

Yherefore, a greate~ number
of jet injJectors can be
placed per unit surface of the head as comparcd with centrifu. 31
injectors. In addition, the flow coefficient of jet injectors (see
p. 86) is 2.5-3.0 times greater than that of centrifugal injectors.
Jet injectors assure a relatively greater Litting range of the Jets

and a wider spray than the centrii.gal 1) 2tors provide.

Injectors with impinging jets (see Fig. 12.4b) give a finer
spray and a shorter spray zone than injectors with parallel jets.
But the throughput of a head with impinging jets 1s less than for
a head (ith parallel jets.

The group of injectors with impinging jets can consist of two,
three, four, or five Jet injectors; here we can use:

a) oxidi—~er injector units;
b) fuel injector units;

¢) units with oxidizer and fuel injectci's; in a number of cases
these insure be.t.~» characteristics as compared with the other two.

Al injector unit contalning only oxidizer injectors or only fuel
injectors is actually a single-component injector, while an oxidizer-

and-fuel injector unrit is a two-component injector.

‘2 Jets of oxidizer and fuel can be fed to a flat reflecting
plate (see F z. 12.4¢); the thin fluid films that form as the pro-
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pellant component Jet flows over the plate run togethetr, assuring
good breakup and mixing

One version of the Jet injJector 1s the
slotted injector; its nozzle has the ‘shape
of an annular slot, not a circle. /

In two-component-slotted injectors
(Fig. 12.5) the annular slots are angled

to the injector axls, so that the jets of
PMg. 12.5. Two-conponant slotted
injector with impinging conws and
varisble injection area {the mech-

anism for moving the rod is aot
shown).

liquid collide with one another in the form
of two hollow spray cones.

Jet injectors are most often used for hypergolic propellants,

and also for chambers with small head area. They are more suitable

for atomizing propellant components having relatively low viscosity.

Centrifugal injectors are those 1n which twisting of the liquid
occurs; the jets of liquid coming from the nozzles are thin conical

films with vertex angles of up to 120° that easlly break down into
very fine drops.

Centrifugal injectors are divided into tangential and screw-

type. 1In tongenticl injectors (Fig. 12.6b) the liquid is twisted
by passing it through one A A-A
¢r gseveral tangentlial open- : Pess, \
ings, 1.e., openings whose f s

axes are tangent to the lé ) . -
cylinder ol the inner cav- ey !

1ty, called the twisting 2) b)

chamber. ¥ig. 12.6. Centrifugal injectors: a =

screv (with swirler); b ~ tangential.
In serew-type injectors (or injectors with swirlers) (see Fig.
12.6a) the liquid is twisted by moving it along helical channels cut

in the screw (or swirler); the liquid enters them from the back of
the screw,
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Centrifugal injectors assure a finer atomization and a shorter

spray zone than do Jet injectors. Disadvantages include relative
structural complexity and low throughput.

T e e B bbby ok, ey N.tk&&

Centrifugal injectors, lilke Jet injectors, can be divided into
single-component and two-component injectors. In two-component
centrifugal injectors (Fig. 12.7) the propellant components are

mixed both inside the injector (internal mixing) as well as outside

it (external mixing). Injectors witn internal mixing are often used

for chambers operating on nonhypergolic propellants.

<
/7, N

Prig. 12,8. Two-component
combination injector.

Fig. 12.7. Two~component centrifugal ine
Jectors: a — with internal displacement;
b — with external displacement.

Combination two-component injectors combine jet and centrifugal
injectors; in the injector shown in Fig. 12.8 the slotted fuel in-
Jector is placed around the centrifugal oxidizer screw injector.

Screw-type injectors are examples of combination injectors;

in these there is an axlal opening, the jet injector, with a small
spray cone and a great hitting range.

The use of two-component injJectors reduces the length of the

spray zone, since the propellant components are mainly mixed in the

liquid phase and therefore burn more rapidly. In addition, the
througnwut of a head with two-component injectors *s higher than

that of a head wlth single-component centrifugal injectors.
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However, two-componenﬁ injectors are structurally quite com-
plex; use o f them leads to more severe temperature conditions for

head operation, since the flame front is closer to the head because
of the reduced length of the spray zone.

The flow rate of propellant component through a single-component
injector is within the limits of 30-300 g/s, while for two-component
injectors it can reach 2.5-3 kg/s. Peripheral injectors usually
have a greater hitting range and a 20-30% lower flow rate as com-
pared with the main injectors. Flow through the oxidizer injectors

located on the periphery of the head 1s also less than the flow
4rough the main injectors.

All the above-examined injectors have fized nozale area. For
engines whose thrust must be changed over a wide range, injectors
with variable nossle area are used; in these, the pressure differ-
ential can be kept approximately constant with a substantial de-
crease in flow rate of the propellant components. The aréa of a
nozzle in such injectors can be changed by moving a speclal rod
within the injector along its axis and closlng off tune injector
nozzle to some extent. In a two-component slotted injector, the
moving of one rod changes the area of the oxidizer and fuel nozzles

(see Fig. 12.5). It is possible to use other designs for injectors
with variable nozzle area.

§12.4. Chamber heads

The chamber head serves for introduction and uniform distribu-
tion of the propellant componenfs across the combustion chamber.

For efficient vaporizacibn, mixing, and combustion of the pro-

pellant components, and reliable chamber operation, the head shculd
assure

a) a fine uniform spray of the propellant components, i.e.,
their atomization into fine particles whose dimensions differ as
little as possible from one another;
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b) identical value of coefficlent n

. 44§i£%§£3§7 over the entire cross section except for
r *]rﬁ ' the boundary layer (Fig. 12.9).

Man

L T s N s ot
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i
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1
Fig. 12.9. Graph of the change

& x boundary layer, corresponding to fuel ex-
("m and » are coefficlents
bustion products and the boundary

The value of coefficient n in the
in coefficient % aleng the radius
of the combustion chanber r,
op.ch cess, should alsc be as constant as possi-
I o M e o ble around the combustion chamber.
f layer, respectively).

-

To satisfy these conditions, the greatest possible number of .
] injectors must be appropriately positioned on the head.

TN T——

An important requirement imposed on the chamber head 1is uniform:
flow intensity of the propellant components over the entire combus-

MR I B

tion chamber cross section.

The average cross-sectional flcw intensity of a combustion
chamber 1s the ratio of the per-second flow rate of the propellant

—w

compor.ents to the area of its section:
p . . 2
r = m/fH, kg/m s, (12.2)

{ For a section of chamber with area Af1 through which the flow
{ rate of the propellant components is Aﬁi, the loecal flow intensity

r;, = Ami/Afi‘

The hydraulic losses assoclated with feed of the propellant
components to the head injectors should be low. In addition, the
head snould be rather strong and rigid, despite the weakening of
its face with a large number of openings for the injectors; it
shouid also assure smooth start-up cf the chamber (see §14.1) and i

stable burning in it (see §15.1).

#lat heads are the onss most widely used (see Fig. 12.3). These
‘ employ Jj&t injectors with parallel or impirging jJ2ts {see Fig. 12.4),
and also centrifugal injectors (see Fig. 12.7).

20
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Flat heads are simple to design, not complicated to manufacture,
and allow uniform flow intensity across the section and required dis-
tribution of coefflelent n along the radius of the combustion chamber

™
|
|
|

A certain dicsadvantage of flat heads 1s their relatively low

strength and rigidity. This 1s particularly true for chambers with

large diameter; therefore, annular and radial stiffeners are welded
between thelr outer and middle faces, while the outer face is made
in the form of a section of a sphere (see Fig. 12.3).

One of the ways of maintaining the necessary conditions of atom-
ization and stable burning of the propellant in the combustion chamber
with a considerable decrease in propeliant flow and with fixed injec-

tor nozv . area is to feed an inert gas into the head cavity (i.e., i

directly into the propellant components). In this case, special

grids are installed ahead of the injectors for uniform distribution

and mixing of the liquid propellant components and the bubbles of
inert gas.

The design of the head does much to determine the reliability
and specific impulse of the chamber and the engine as a whole. With

unsuccessful head designs we note the following chamber flaws and
undesirable conseqguences:

1) erosion or burnout of the chamber walls, mainly in the crit-

ical section, and also excessive heat fluxes to the walls, attested
to by traces of local overheatings of the wall;

2) erosion of the inner surface of the fire plate and the ends

of the injectors due to the aection of the hot combustion products on
them;

3) unstable propellant burning;

4) reduced chamber specific impulse.

The influence of the head on the specific impulse and stability

of the burnirg process increases with decreasing chamber dimensions
and thrust.

81

s, R T IV R TO S R
AN e N N OCTAS s S




T T e T -*W*‘ w T Al g L ey— T T e T - ‘ﬁ

T RES - rTAr RS T RNl S ok el s R g e T S

.
4 To reduce the heat fluxes to the chamber walls a boundary layer 2
f of combustion products with reduced temperature is formed, as was i ‘
shown in §11.11. :
To eliminate erosion of the inner surface of the fire plate

and the ends of the injectors we increase the number of fuel in-
Jectors at the points of erosion, we use a porous material for pro-
ducing the fire plate and the injector housings, or we coat them
with a layer of heat-insulating material.

S b A e e b s AN I A

T The processes of atomization of the propellant components, as

well as their vaporization, mixirg, and combustion, have still not

} been investlgated to the extent that it is possible to theoretically
determine the optimum type of head. Therefore, when developing an :

engine we must test several versions of small-scale models and fuli- ; W

size heads, including f!re-tests of the heads in ti:e chamber. i

[ TN —

For the initial tests we often =elect heads which provide only

b moderate speclific impulse, but which are most reliable. This makes
it possible to test the engine as a whole in parallel with final

i adjusivment of the head and chamber. During final alignmeiiv, the
head finslly selected is that whose design makes it possible to ob-

tain maximum specific impulse with stable propellant burning.

In a vast number of cases, the required burning stability and
reliable chamber cooling are achieved only at the expense of a
slight reductlon in specific impulse.

Finalizing the design of a head is a complex and expensive stage
in the creation of an englne.

§12.5. Ways of positioning the injectors on flat heads

Uniform distribution of oxidizer and fuel across the combustion
chamber 1s achlieved by appropriate placement of the injectors on the
head. There are several ways of dcing this: staggered, honeycomb,
in concentric circles, and in groups.

e A AR P A T M A S 1 Vo VA, e i &
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With staggered po-
sitioning (Fig. 12.10a)
of the fuel and oxidizer
injectors, there are ap-
proximately the same :
7 number of each: for one ‘
c
O oxtdiser injectors fuel injector there is
s fuel injectors

one (4 x 1/4) oxidizer
Tig. 12.10. Types of injector placement on flat
ho:da: a~- ung;cnd; bJ- hougeo-b: ¢ -~ 1in con- injector. Since the
centric circles. mass flow rate of oxi-

diz-o is usually 2-4 :
times that of the fuel, with staggered placement the flow rates i
through the fuel and oxidizer injectors differ considerably, which
has an unfavorable influence on mixing.

With honeycomb placement (Fig. 12.10b), each fuel injector is
surrounded by several oxidlzer injectors: for each fuel injector
there are two (6 x 1/3) oxidizer injectors. The flow rates through

the injectors differ relatively slightly, which improves the mixing
of the propellant components.

When the injectors are placed in concentrie eircles (see Fig. '

12.10¢), the head contains alternating circles of fuel injectors

\
and oxidizer injectors. The peripheral circle contains fuel in-

Jectors, creating a boundary layer of reduced temperature.

With group arrangement the injectors are formed into groups
contalning a specific number of oxidizer and fuel injectors (e.g.,
in a U4:1 or 3:2 ratio) in identical mutual arrangements.

Two-component injectors are usually arranged in concentric {
circles.

. —

The distance between centrifugal injectors 1s determined by
the dimensions of the injector itself, and also by head strength
conditions, the strength being reduced by the holes for the injectors.
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This distance is usually 12-30 mm. The jet injJectors are located ?
much closer together — 3-4 mm, §
i
H

§12.6. Calculating a chamber head
To calculate a head we must know the following:

1) the density and viscoslty of the propellant components at
the rated temperature at which they enter the injectors;

e S

2) the totdl oxidizer and fuel flow rates;

3) the diameter of the chamber head; for a cylindrical chamber
this equals the diameter of the combustion chamber;

i) the pressure differential at the injectors Ap¢, i.e., the
difference in pressures in the oxldizer or fuel cavitles of the head
and in the combustion chamber.

The pressure differential in the injectors 1is usually selected :
within the limits of 3-5 bars [»3-5 kgf/cm2], and in certain LPRE's
it can be up to 30 bars [«30 kgf/cmz]. With low pressure differ-
entials, atomization of the propellant components is worsened and
the burning process becomes unstable. On the other hand, an ex-
cessive increase in the value of Ap¢, without substantlally worsen-
ing the atomization of the propellant components, makes it neces-
sary to lncrease the power of the feed system,

YT E—

In LPRE's with a wide range of change of propellant flow rate
m it is necessary to select high pressure differentials in the in-
Jectors, in order that the necessary atomization of the propellant
Jet be achieved when operating with low flow rate m (and, consequent- -

o

ly, a low value of Apm).

The number of oxidizer and fuel injectors that can be positioned
on the head with a given diameter 1s determined graphically, selec-
ting the method of arranging the injJectors and the distances between
them (see §12.5).

84

MM.!MNMLUM&.MM&M 1. § o o




rvr Mt

- TTTTTT-w YT

Let us introduce the following designations: nou and n. - the
number of oxldizer and fuel injectors; ﬁou.¢ and ﬁr o " the per-sec-

ond flow rate through the oxidizer injector and the fuel injector.

The values of ﬁou N and ﬁr ® are defined by the formulas

"’ =ﬁ£‘b' v =£’-’-

Mox s Aok ) Mro ne !
where ﬁoﬂ ana ﬁr are the per-second flow rates of oxidizer and fuel
through the chamber head; these are known from its thermal calcula-

tion.

Calculating the jet injector e
L %

Let us use the following formulas, known from hydraulics, for
the discharge of an incompressible fluid from an aperture;
s, ~

e,

. f2Ap
W=l = v (12.3)
) 3
m=pW fo, (12.4)

~

where W 1is the veloclity of injJection of the liguid propellant com-
ponent into the combustion chamber ~ usually W = 15-40 m/s; m is
the per-second flow rate of liquid propellant component through the
head; f is the total area of the injector nozzles; u is the flow-
rate coefficlent, taking Into account the constriction of the fet
and a decrease in the true velocity of injectlion compared with the
theofetical, because of hydraulic resistances.

The flow-rate coefficient u of a Jet injector is a function of
the following factors:

a) the geometry of the inlet edge of the opening; for a sharp
edge, particularly with projecting edges, coefficlent u is less than
for a bevelled or smoothly rounded edge;

b) the surface finish of the opening; very rough opening walls
lead to a substantial reduction in p;

¢) the ratio of injector length 1

o t- 1ts nozzle diameter dc,
i.e., the ratio Zw/dc.
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With a sharp inlet edge and ratio Z¢/dC = 0,5-1.0, the flow
coefficient u is 0.60-0.65. With an increase in the ratio Z¢/dC to
2-3, the value of u rises to 0.75-0.85; the losses
to friction simultaneously increase. It is ad-
visable to select those geometric characteristics
of a jet injector which assure maximum flow coef-

ficient. The injector opening shown in Fig. 12.11
fig. 12.11, Injector

opening assuring max- satisfies this condition.
imum flow coefficient
(u » 0.85-0.50 when
ty7d; > 3).

To determine the area of fuel or oxidizer
injection, let us substitute into equation (12.4) the expression for
W from formula (12.3):

m=prf 1 23pyL, (12.5)
from which

. m
.f—m- (12.6)

The dlameter of the injector nozzle is usually selected within
the limits dc = 0,5-3.0 mm. Smaller-diameter nozzles are difficult
to engineer and, in addition, they can become clogged. However,
studies have been run on microinjectors (dc < 0.25 mm) which assure
best mixing of the propellant components and their more complete
burning. When dc > 3,0 mm 1t 1s difficult to obtain fine atomiza-
tion of the Jet coming from the injector nozzle.

Javing determined, by the graphlic method exanined above, the
number of oxidizer and fuel injectors, we can calculate the area of
their openings (nozzles):

Ir ox

.f:».c=!_n"'= fr.e’=""
M ue

For a head with impinging oxidizer and fuel
Jets the angles a_ and u«_ (Fig. 12.12) are se=-

OK r 7ig. 12.12. Disgrsm of
lJected such that the resulting Jets are parallel :2; m&#xlezg.?uu-
to the chamber axis. Since the flow rates through
the oxidizer and fuel injectors, and also thelr spray velocities,
differ from one another, the above-indicated condition reduces to

op
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an equality resulting from the law of conservation of momentum

M, QW oy SI0 U =1, gW,sin G,

(12.7)

One of the angles 1s given arbitrarily, while the other is calcula-
ted from formula (12.7).

Calculation of a centrifugal injector

A feature of the operation of a centrifugal injector 1s that
the liquid does not move through the entire cross section of the

injector: due to twisting of the fluid along the injector axis

there arises a gas vortex with pressure equal to that of the ambient '
medium, i.e., the pressure in the combustion chamber. The radius
of the gas vortex L. is less than that of the injector nozzle r. )
Consequently, the liquld discharges from the inJector nozzle through
an annular cross section with area

o e e st it S

fa==n(ri—rt ).

The velocity of the liquid discharging from a centrifugal in-

Jector can be divided into the axial component W_ and the tangen-
tial component Wu.

Component wa determines the flow rate of the liquid through
the injector, while W

u defines the twilsting of the iiquid by the
injector.
Consequently, the volume flow of liquid through the nozzle of

a centrifugal injector

V=W, f, = Wen(rl—rl.)
or

v=Wonrl,

where ¢ is the clear-opening coefficlent, determined from the for-
mula

; y g B s
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The mass flow rate of the ligquld through the nozzle of a
centrifugal injector can be determined from a formula which, to
all external appearances, is analogous to the equation of flow

through a jet injector (12.5):
ig=efc V8040,

from which
my
— . 12.
)2--;;55?:? ( 9)

The flow coefficient u for a centrifugal injector is a func-
tion of the clear-opening ccefficient o, i.e., of the area of the

clear opening fm.
The quality of spraying of the liquid by a centrifugal injec-
tor is Iinfluenced by twisting of the liquid, which defines the

spray cone angle 2ua; atomization of the liquid improves with an
increase in this angle, but at the same time the required injector

dimensions increase.
The values of 2a, ¢, and u of a centrifugal injJector are func-

The geometrlic characteristic of

basic dimensicns of the injector.
a centrifugal injector (Fig. 12.13)
1s designated by the letter A, and

tions of 1ts geometrie characteristic, a complex which connects the

- - h ... .15" @L ’_rln

¥ ""1‘2“\ % 5;*3;;§=§h is defined by the following for-
@1; - =8P .$—“‘, mulas:

- ~ a) for an injector with one
Fig. 12.13. Tangential injector (the tangential opening
drawing shows the basic geometric di-

A= fote, (12.10)
az

mensions of the injector).

b) for an injector with 1 tangential openings
(12.11)

As=Bure,
ez

¢) for a screw-type injector
A=2Bule gny (12.12)
LF £
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where Rax i1s the average channel radius; fi is the continuous sec-
tion of one channel; i is the number of channels (or entries of the

Wbl Wb 00 & et b S S AR

" I 2 screw); B ls the hellix angle of the screw line.
o.: "%
24 ><: 1 g: With an inecrease in A, coefficlents ¢ and
a bl 40 u decrease, while angle 2a increases.

J
0 1 23¢ 354
Pig. 12,16, The flow coef- In the limiting case (when A + =) we have

ficisnt U and spray cone
angle 2a vs. geometric
characteristic A.

® + 0 and u + 0.

ok gl Wbt V0 Wbt B

A graph of the dependence of u and 2a on the geometric charac-
teristic is shown in Fig. 12.14,

Considenation of the viscosity of the Liquid. The above-ex-
amined relationships are valid for a perfect fluid. The flow of a
perfect fluld in a centrifugal injector 1s subject to the law of
conservation of the moment of momentum, since the moment of the ex-

ternal forces acting on the fluld in the injector swirl chamber 1is
equal to zero. !

In a'real fluid, friction forces arise due to the presence of
viscosity forces. Thelr action has the result that the moment of :
momentum at the nozzle inlet 1s less than in the initial part of : \
the injector swirl chamber, 1.e., because of fricticn forces there
is a decrease in the degree of swirl of the fluid and, as a result,
the flow coefficient increases and the fluild spray angle decreases.

To take into account the viscosity of the fluid, instead of
geometric characteristic A of the injector we use the equivalent
characteristic Aau, defined by the formula

R ufc

A=

- . (12.13)
":: +"2" Reg (Rox — re)

i BB =

Friction coefficient A for conditions at the injector inlet
is calculated from the equation

o

s

i
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2.8 (12.14)

lgh= (Ig Reg)?®~

where Re,  1is the Reynolds number defined for injector inlet con-
ditions.

The value of ReBx is defined by the expression

Amy (12.15)

h.  =———p
N gty v i

is the coefficient of kinematic viscoslity at the injector

where uﬂ'a
inlet.

Sequence of the caleulfation. A centifugal injector is calcu-

lated in the following sequence.

1. Given the pressure differential in the injector Ap¢ (see

p. 84),

2.
(90-120° in most cases).
3. Knowing angle 2a, from the graphs in Fig. 12.14 determine

the geometric characteristic A and flow coefficient u.
Using equation (12.9), calculate the cross-sectional area

Select the cpray cone angle 2a within limits 2a = 30-120°

y,
of the injector nozzle fc, and then the nozzle diameter from the
formula
i
dcal/ .;‘_f"
5. Select the dimensions of the injector.

There are usually 2-4 tangential openings or screw entries.
More than 2-4 improves the distribution of flow intensity around

the perimeter of the fluild jet circle.

The ratio Rex/rc is taken as approximately 2.5,

Using equation (12.11), determine radius Pox from the selected
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values of 1 and Rax/rc:

o= I/ ‘_—R:z’c .

Usually, radlus Pox is selected within the limits of 0.25-1 mm.

6. From formulas (12.15) and (12.14), calculate the friction
coefficient A and then, from (12.13), the equivalent injector char- '
acteristic Aau' If characteristics A and AaK do not differ more than
5% from one another, this ends the calculation; in this case, the ‘
values of ros Rax’ and Tox of the first approximation serve as the
final values.

If the discrepancy between A and A:_’N is greater than 5%, we
select as our basis the value of Asu obtained in the first approxi-
mation and, from the graph given in Fig. 12.14, determine the flow
coefficient p wiith consideration of viscosity, and then the dimen-
sions ros Rax’ and Pox in the second approximation; from them we
calculate the cheracteristic A3K in second approximation. Usually
the discrepancy of the values of Aan obtained in the first and second
approximations is insignificanv, so that the dimensions ros Rax’ and
Pox obtained in the second approximation can be used as final values.

7. Knowing T Rax’ and Pox? select the remaining injector di-
mensions (see Fig. 12.13):

ly=(1,5—3)d s {.=(0,25—1,0)d..

As the injector helght (length) h we use the following:

a) h= Rsx and greater, for a tangential injector;

b) 1/4 to 1/3 the channel pitch or more, for a screw-type in-
Jector. The diameter of the swirl chamber

i
Du.l" 2(Ru +r, u)‘ %
The outside diameter of the injector k
D.u D, 428, ;‘1
B
|

where § is the thickness of the swirl chamber wall.
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The values of 6§ and ZB; are interrelated; usually we select

§ = 1.5 mm.

Features of the heads of afterburners

Injectors are divided into liquid, gas, and gas-liquid, de-
pending on the aggregate state of the propellant component intro-
duced into the afterburner. The term gas-liquid 1s used for two-
component injectors, where one component enters in the 1liquid state

and the other enters in the gaseous state.

Generator gas 1s fed into the afterburner through jet injectors.

The head of the chamber of LPRE's operating on the scheme "gas-
liquid" can be a grid with radial and annular bridges; the openings
serve as Jjet injectors for the generator gas, while the injectors
for the liquid component are located at the bridge Junctions.

The pressure differential in the generator-gas jet injectors
is slight, whlle the pressure in the afterburner is high; therefore,

the discharging of the gas from the injector is -aberitical.

Selecting the volume and relative area of combustion chambers

§12.7.
(afterburners)

The volume of a combustion chamber (afterburner) should assure
the required stay time for the propellant components, while at the
same time the size and mass of the chamber should be small.

The volume of the combustion chamber is calculated from its

reduced length an and the arbitrary stay time of the gas in the
chamber Tycn‘

The reduced {or characteristic) length of the combustion
chamber is the ratio of its volume to the area of the critical sec-~

tion:
L (12.16)
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Time Tycn can be obtained by dividing the mass of gas in the

combustion chamber by its per-second flow rate:

Tyea™ ___m;‘., i
disregarding the volume of the liquid propellant components in the
combustion chamber and arbitrarily considering that the density of

the gas 1s identical throughout, and equal to Pys We get

Vb,
"Q"-';! O

Let us substitute into this equation the expression for Py from
formula (4.4) and take relationships (4.14) and (22.16) into ac-
count. Then

=i Ly, . (12.17)

L 1 AT,

¥

For the given propellant components and design of the head,
which determined the mixing quality, ratio B/RTK can be consildered
constant. Consequently, the arbitrary stay time of the gas in the
combustion chamber and the reduced chamber length are directly pro-
portional to one another.

The values of T c and an are determined mainly by the propel-

n

- lant, the head design, and the type of LPRE scheme; for most engines

Tyon = (1.5-5.0)1073 s and 2 = 1.0-3.5 m. A smaller value of
T corresponds to chambers with higher pressure Py An increase

ycn
in the reduced length of the combustion chamber brings about an in-
crease in specific impulse, but simultaneously the chamber dimen-

slons increase, which complicates its cooling.

For preliminary calculations, we can assume reduced lengths of
1.,5-2.5, 1-1.5, and 0.5-1 m for the combustion chambers of LPRE's
operating on the scheme "liquid-liquid" with propellants 0, + kero-
sene, F, + NH3, and 0, + H,, respectively L4, 171.

In LPRE's with afterburning of the generator gas, part of the

propellant components first burn in the gasifier; therefore the re-~
quired reduced length of their afterburners is 1.3-1.8 times less
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than for the combustion chambers of LPRE's operating on the scheme

"liquid-1liquid."
When selecting the optimum ratio between the length and the
diameter of a combustion chamber (afterburner) we use 1ts relative

area T,.
Besides the disadvantages noted in §12.2, with a decrease in
?H there are additional complications in organizing efficient atom-

ization of the propellant components because of reduced area of the
Therefore, with a de-

surface on which the injJectors are located.
crease in relatlve area ?K, the specific im-

toafton : ‘l’f:: pulse of the chamber drops (Fig. 12.15), which
o305 L ! 1s noticeable when T, < 3 (particularly when
437 /ﬁ!,’ ¢ 1 ¥, =1). The influence of the relative area
- of the combustion chamber (afterburner) on

the specific impulse when ?K > 3 can be dis-

regarded, particularly with a high gas-ex-

!.

0,355

12 3 « 5§ 64«

} Pig. 12.15. Ratio I “/IMe vs.
the valus of T, with ¢, = 100

0 2).
(curve 1) and ¢ « 10 (eurva 2) pansion ratio €c°

Some of the advantages of selecting a small relative area ?ﬂ
include a decrease in chamber mass and facilitation of its cooling
(a decrease in the required thickness of the combustion chamber walls ;

and its surface to be cooled).
The relative area ?R can be determined from the selected flow

intensity of the combustion chamber using equation (12.2) which,
with consideration of (4.14) and (12.1), can be written in the fol-

P (12.18)

Fr=oe

lowing form:

Since for a given propellant complex B can be consldered con-
stant, with increasing pressure P, the flcw intensity for the com-

bustion chamber also increases.
|

Ratio r/pK is called the relative flow intensity and is desig-

9y




nated rp, l.e.,

==, (12.19)

or, considering (12.18),

»
E
W1 kit S S e

1
”;—77- (12.20)

PP Xy o

I1f, for the propellants used, complex B is 1700-2400 Nes/kg
[=170-240 kgf+s/kg], then when T, = 2-6 the relative flow intensity
1s (0.1-0.2)+1073 kg/N+s [~(1-2)+10"3 kg/kgfes] [17].

o, tao

The indicated value of ?“ for cylindrical chambers has a cor-
responding ratio of the length of the combustion chamber to the
diameter of its cylindrical part of ZK/d“ = 1,0~1.5, !
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CHAPTER XITI
SYSTEMS FOR FEEDING LIQUID PROPELLANT COMPONENTS

Pt

§13.13. Basic turbine parameters

The following are among the basic turbine parameters.
1. Available turbine power, i.e., the turbine shaft horse-
power; this should equal the sum of the powers required by the ox-

idizer and fuel pumps, and also by the pumps for the auxiliary pro-

pellant components (if used), i.e.,
Nry;d"—" Nuac,;-n + Nunc.r+Nu|e.ucn

and defined by the formula
N,s=nyLoit,

where n_ 1s the effective efficlency of the turbine (see §13.14);
m is the per-second flow of gas entering the turbine; La is the

adiabatic work of expansion of 1 kg of gas, calculated from the

formula
. _ (p -0
L, k-———-_lRT,,[l (m) ]-
2. Pressure differential in the turbine (gas expansion ratio
A distinction is made

in the turbine), equal to the ratio po/pz.
between high-differential (py/p, = 15-40) and low-differential
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(pg/P, = 1.3-1.8) turbines. Pressure p, is called counterpressure.

High-differential turbines include those with discharge of
exhaust gas to the ambient medlum; a supercritical gas-pressure
differential 1s generated in the nozzles of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>